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Protein and Amino Acids

SUMMARY

Protein is the major structural component of all cells in the body.
Proteins also function as enzymes, in membranes, as transport
carriers, and as hormones; and their component amino acids serve
as precursors for nucleic acids, hormones, vitamins, and other
important molecules. The Recommended Dietary Allowance (RDA)
for both men and women is 0.80 g of good quality protein/kg
body weight/d and is based on careful analyses of available nitrogen
balance studies. For amino acids, isotopic tracer methods and
linear regression analysis were used whenever possible to deter-
mine the requirements. The estimated average requirements for
amino acids were used to develop amino acid scoring patterns for
various age groups based on the recommended intake of dietary
protein. The recommended protein digestibility corrected amino
acid scoring pattern (PDCAAS) for proteins for children 1 year of
age and older and all other age groups is as follows (in mg/g of
protein): isoleucine, 25; leucine, 55; lysine, 51, methionine + cysteine
(SAA), 25; phenylalanine + tyrosine, 47; threonine, 27; tryptophan,
7; valine, 32; and histidine, 18. While an upper range for total
protein in the diet as a percent of total energy intake was set at no
more than 35 percent to decrease risk of chronic disease (see
Chapter 11), there were insufficient data to provide dose-response
relationships to establish a Tolerable Upper Intake Level (UL) for
total protein or for any of the amino acids. However, the absence
of a UL means that caution is warranted in using any single amino
acid at levels significantly above that normally found in food.
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BACKGROUND INFORMATION
Chemustry of Proteins and Amino Acids

Protein

Protein is the major functional and structural component of all the cells
of the body; for example, all enzymes, membrane carriers, blood transport
molecules, the intracellular matrices, hair, fingernails, serum albumin,
keratin, and collagen are proteins, as are many hormones and a large part
of membranes. Moreover, the constituent amino acids of protein act as
precursors of many coenzymes, hormones, nucleic acids, and other
molecules essential for life. Thus an adequate supply of dietary protein is
essential to maintain cellular integrity and function, and for health and
reproduction.

Proteins in both the diet and body are more complex and variable
than the other energy sources, carbohydrates and fats. The defining char-
acteristic of protein is its requisite amino (or imino) nitrogen group. The
average content of nitrogen in dietary protein is about 16 percent by
weight, so nitrogen metabolism is often considered to be synonymous with
protein metabolism. Carbon, oxygen, and hydrogen are also abundant
elements in proteins, and there is a smaller proportion of sulfur.

Proteins are macromolecules consisting of long chains of amino acid
subunits. The structures for the common L-amino acids found in typical
dietary proteins are shown in Figure 10-1. In the protein molecule, the
amino acids are joined together by peptide bonds, which result from the
elimination of water between the carboxyl group of one amino acid and
the o-amino (or imino in the case of proline) group of the next in line. In
biological systems, the chains formed might be anything from a few amino
acid units (di, tri, or oligopeptide) to thousands of units long (polypeptide),
corresponding to molecular weights ranging from hundreds to hundreds
of thousands of Daltons. The sequence of amino acids in the chain is
known as the primary structure.

A critical feature of proteins is the complexity of their physical struc-
tures. Polypeptide chains do not exist as long straight chains, nor do they
curl up into random shapes, but instead fold into a definite three-
dimensional structure. The chains of amino acids tend to coil into helices
(secondary structure) due to hydrogen bonding between side chain residues,
and sections of the helices may fold on each other due to hydrophobic
interactions between nonpolar side chains and, in some proteins, to disulfide
bonds so that the overall molecule might be globular or rod-like (tertiary
structure). Their exact shape depends on their function and for some
proteins, their interaction with other molecules (quaternary structure).
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Name Abbreviation Form
Aliphatic side chains
Glycine Gly H-CH-COOH
NH,
Alanine Ala CHgf(‘:HfCOOH
NH,
Valine® Val CHs
/CH—(‘:H—COOH
CH;  NH,
Leucine® Leu CHy
CH=CH,~CH—COOH
CHg NH,
Isoleucine® lle CHy—CH,
/CH*(‘;H*COOH
CHz  NH,
Aromatic side chains
Phenylalanine Phe
CHQ—(‘:H—COOH
NH,
Tyrosine Tyr
HO CHZ—(‘:H—COOH
NH,
Tryptophan Trp @—CH{(‘:H%}OOH
N NH,
H
Hydroxyl groups in side chains
Serine Ser (EHf(EH*COOH
OH NH,
Threonine Thr CHgf‘CFPCkFCOOH
OH NH,
Sulfur-containing side chains
Cysteine® Cys HS~CHyCH-COOH
NH,
Methionine Met CH;—S— CHz*CHz*‘CH*COOH
NH,
Imino Acids
Proline® Pro CHo—CHy
/CH*COOH
CH,—N
2 H
Acidic side chains and their amides
Glutam Glu HOOC*CHfCHf(EH*COOH
NH,
Glutamine Gin ﬁ
HZN—C—CHZ—GHZ—(‘:WCOOH
NH,
Aspartic acid Asp HOOC*CHz*(‘?FFCOOH
NH,
Asparagione Asn ﬁ
HZN—C—CHZ—?}—H:OOH
NH,
Basic side chains
Lysine Lys HZN—CHZ—CHZ—CHZ—CHZ—(‘:H—COOH
NH,
- H
Arginine Arg HaN=G=N~CHyCH,~CHy~CH-COOH
NH NH,
Histidine His [ CHe-¢H-COOH
N NH - NH,

Amino acids in italics are classed as nutritionally indispensable to humans.

4 Leucine, valine, and isoleucine are known as the branched-chain amino acids.

’ Cysteine is often found as a dimer (cysteine), linked through sulfur atoms (-S-S-) by oxidation.
°Proline is, strictly speaking, an imino acid rather than an amino acid.

FIGURE 10-1 L-amino acids of nutritional significance.
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Many proteins are composed of several separate peptide chains held
together by ionic or covalent links, an example being hemoglobin, in
which each active unit consists of two pairs of dissimilar subunits (the o
and B chains).

The most important aspect of a protein from a nutritional point of view
is its amino acid composition, but the protein’s structure may also influ-
ence its digestibility. Some proteins, such as keratin, are highly insoluble
in water and hence are resistant to digestion, while highly glycosylated
proteins, such as the intestinal mucins, are resistant to attack by the
proteolytic enzymes of the intestine.

Amino Acids

The amino acids that are incorporated into mammalian protein are
o-amino acids, with the exception of proline, which is an o-imino acid.
This means that they have a carboxyl group, an amino nitrogen group,
and a side chain attached to a central o-carbon (Figure 10-1). Functional
differences among the amino acids lie in the structure of their side chains.
In addition to differences in size, these side groups carry different charges
at physiological pH (e.g., nonpolar, uncharged but polar, negatively charged,
positively charged); some groups are hydrophobic (e.g., branched chain
and aromatic amino acids) and some hydrophilic (most others).

These side chains have an important bearing on the ways in which the
higher orders of protein structure are stabilized and are intimate parts of
many other aspects of protein function. Attractions between positive and
negative charges pull different parts of the molecule together. Hydrophobic
groups tend to cluster together in the center of globular proteins, while
hydrophilic groups remain in contact with water on the periphery. The
ease with which the sulthydryl group in cysteine forms a disulfide bond
with the sulfhydryl group of another cysteine in a polypeptide chain is an
important factor in the stabilization of folded structures within the poly-
peptide and is a crucial element in the formation of inter-polypeptide
bonds. The hydroxyl and amide groups of amino acids provide the sites
for the attachment of the complex oligosaccharide side chains that are a
feature of many mammalian proteins such as lactase, sucrase, and the
mucins. Histidine and amino acids with the carboxyl side chains (glutamic
acid and aspartic acid) are critical features in ion-binding proteins, such as
the calcium-binding proteins (e.g., troponin C), critical for muscular con-
traction, and the iron-binding proteins (e.g., hemoglobin) responsible for
oxygen transport.

Some amino acids in protein only achieve their final structure after
their precursors have been incorporated into the polypeptide. Notable
examples of such post-translational modifications are the hydroxyproline
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and hydroxylysine residues found in collagen (proline and lysine are con-
verted to these after they have been incorporated into procollagen) and
3-methylhistidine present in actin and myosin. The former hydroxylated
amino acids are critical parts of the crosslinking of collagen chains that
lead to rigid and stable structures. The role of methylated histidine in
contractile protein function is unknown.

Nutritional and Metabolic Classification of Amino Acids

Older views of the nutritional classification of amino acids categorized
them into two groups: indispensable (essential) and dispensable (non-
essential). The nine indispensable amino acids (Table 10-1) are those that
have carbon skeletons that cannot be synthesized to meet body needs from
simpler molecules in animals, and therefore must be provided in the diet.
Although the classification of the indispensable amino acids and their
assignment into a single category has been maintained in this report, the
definition of dispensable amino acids has become blurred as more infor-
mation on the intermediary metabolism and nutritional characteristics of
these compounds has accumulated. Laidlaw and Kopple (1987) divided
dispensable amino acids into two classes: truly dispensable and condition-
ally indispensable. Five of the amino acids in Table 10-1 are termed dis-
pensable as they can be synthesized in the body from either other amino

TABLE 10-1 Indispensable, Dispensable, and Conditionally
Indispensable Amino Acids in the Human Diet

Conditionally Precursors of Conditionally
Indispensable  Dispensable Indispensable®  Indispensable

Histidine? Alanine Arginine Glutamine/glutamate, asparate
Isoleucine Aspartic acid ~ Cysteine Methionine, serine

Leucine Asparagine Glutamine Gl utamic acid/ammonia
Lysine Glutamic acid  Glycine Serine, choline

Methionine Serine Proline Glutamate

Phenylalanine Tyrosine Phenylalanine

Threonine

Tryptophan

Valine

@ Conditionally indispensable is defined as requiring a dietary source when endogenous
synthesis cannot meet metabolic need.
b Although histidine is considered indispensable, unlike the other eight indispensable
amino acids, it does not fulfill the criteria used in this report of reducing protein
deposition and inducing negative nitrogen balance promptly upon removal from the diet.
SOURCE: Laidlaw and Kopple (1987).
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acids or other complex nitrogenous metabolites. In addition, six other
amino acids, including cysteine and tyrosine, are conditionally indispens-
able as they are synthesized from other amino acids or their synthesis is
limited under special pathophysiological conditions (Chipponi et al., 1982;
Harper, 1983; Laidlaw and Kopple, 1987). This is even more of an issue in
the neonate where it has been suggested that only alanine, aspartate,
glutamate, serine, and probably asparagine are truly dietarily dispensable
(Pencharz et al., 1996).

The term conditionally indispensable recognizes the fact that under
most normal conditions the body can synthesize these amino acids to meet
metabolic needs. However, there may be certain physiological circum-
stances: prematurity in the young infant where there is an inadequate rate
at which cysteine can be produced from methionine; the newborn, where
enzymes that are involved in quite complex synthetic pathways may be
present in inadequate amounts as in the case of arginine (Brunton et al.,
1999), which results in a dietary requirement for this amino acid; or patho-
logical states, such as severe catabolic stress in an adult, where the limited
tissue capacity to produce glutamine to meet increased needs and to bal-
ance increased catabolic rates makes a dietary source of these amino acids
required to achieve body nitrogen homeostasis. The cells of the small
intestine become important sites of conditionally indispensable amino
acid, synthesis, with some amino acids (e.g., glutamine and arginine)
becoming nutritionally indispensable under circumstances of intestinal
metabolic dysfunction (Stechmiller et al., 1997). However, the quantita-
tive requirement levels for conditionally indispensable amino acids have
not been determined and these, presumably, vary greatly according to the
specific condition.

There now appears to be a requirement for preformed o-amino
nitrogen in the form of glutamate, alanine, or aspartate, for example
(Katagiri and Nakamura, 2002). It was previously thought that, in addition
to the indispensable amino acids, simple sources of nitrogen such as urea
and diammonium citrate together with carbon sources would be sufficient
to maintain nitrogen homeostasis (FAO/WHO, 1965). However, there are
now good theoretical reasons to conclude that this is not likely in the
human (Katagiri and Nakamura, 2002). The mixture of dispensable and
conditionally indispensable amino acids as supplied by food proteins at
adequate intakes of total nitrogen will assure that both the nitrogen and
specific amino acid needs are met.
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Protein and Amino Acid Homeostasts

Maintenance of Body Protein

Body Protein Reserve. The body of a 70-kg man contains about 11 kg of
protein. Nearly half of this protein (about 43 percent) is present as skeletal
muscle, while other structural tissues such as skin and blood each contain
approximately 15 percent of the total protein (Lentner, 1981). The meta-
bolically active visceral tissues (e.g., liver and kidney) contain compara-
tively small amounts of protein (together about 10 percent of the total).
Other organs such as the brain, lung, heart, and bone contribute the
remainder. The distribution among the organs varies with developmental
age, as the newborn infant has proportionately less muscle and much more
brain and visceral tissue than the adult. It is also notable that, despite the
very wide variety of enzymes and proteins within a single organism, almost
one half of the total protein content of the human is present in just four
proteins (myosin, actin, collagen, and hemoglobin). Collagen in particular
may comprise 25 percent of the total. Moreover, in induced malnutrition,
this proportion can rise to 50 percent because of the substantial loss of
noncollagen proteins, whereas collagen itself is retained (Picou et al., 1966).

Even in the adult, when the protein mass of the body has reached a
plateau, it can be influenced by a variety of nutritional and pathological
factors. Thus, when diets high or low in protein are given, there is a gain
or loss of body protein over the first few days, before re-equilibration of
protein intake with the rates of oxidation and excretion (Swick and
Benevenga, 1977). This phenomenon has led to the concept of a “labile
protein reserve,” which can be gained or lost from the body as a short-term
store for use in emergencies or to take account of day-to-day variations in
dietary intake. Studies in animals have suggested that this immediate labile
protein store is contained in the liver and visceral tissues, as their protein
content decreases very rapidly during starvation or protein depletion (by
as much as 40 percent), while skeletal muscle protein drops much more
slowly (Swick and Benevenga, 1977). During this situation, protein break-
down becomes a source of indispensable amino acid needs for synthesis of
proteins critical to maintaining essential body function (Reeds et al., 1994).

This labile protein reserve in humans is unlikely to account for more
than about 1 percent of total body protein (Waterlow, 1969; Young et al.,
1968). Thus, the immediately accessible stores of protein (which serve as
the source of indispensable amino acids and amino nitrogen) cannot be
considered in the same light as the huge energy stores in the form of body
fat; the labile protein reserve is similar in weight to the glycogen store.
However, it should be recognized that this protein reserve is unlike the fat
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and glycogen stores, whose primary roles are for energy use. The protein
lost during fasting is functional body protein and thus there is no evidence
for a protein reserve that serves only as a store to meet future needs.

There is a wide range of variation in daily dietary protein intake, from
the protein requirement and beyond, to which the body is able to adapt
over a period of days, after which no further change in body protein con-
tent occurs. However, pathological conditions, such as severe disease states,
can cause substantial rates of protein loss due to the increased demand for
either amino acids or carbon skeletons to meet local energy demands. If
these conditions go unchecked for more than a few days, there may be a
serious depletion of the body’s protein mass, which might eventually become
life threatening. Although the evidence from short-term changes in diet
suggests that the main loss of protein is from the viscera (de Blaauw et al.,
1996), in chronic illness skeletal muscle, which comprises over 40 percent
of the protein mass of a healthy individual, becomes the largest single
contributor to protein loss (Hansen et al., 2000).

Free Amino Acids. Although the free amino acids dissolved in the body
fluids are only a very small proportion of the body’s total mass of amino
acids, they are very important for the nutritional and metabolic control of
the body’s proteins.

The content of free and protein-bound amino acids in rat muscle is
shown in Table 10-2. It can be seen that their ranges are considerable and
that their concentrations in the free pool are in no way related to their
concentrations in body proteins. In the human, free phenylalanine com-
prises less than 2 percent of its total body pool, and corresponds to only
about 1.5 hour worth of protein synthesis, or 25 percent of the day’s intake
of protein (Waterlow et al., 1978). Free glutamate and alanine comprise a
larger proportion of their respective body pools, but they could not be
considered as reserves for more than a very short time. In human muscle,
glutamine has an exceptionally large free pool, containing about 10 to 15 g
of nitrogen. After trauma, this pool can become depleted by more than
50 percent (Labow and Souba, 2000); its loss may then make a significant
contribution to the total loss of nitrogen.

Although the plasma compartment is most easily sampled, the concen-
tration of most amino acids is higher in tissue intracellular pools. Typically,
large neutral amino acids, such as leucine and phenylalanine, are essen-
tially in equilibrium with the plasma. Others, notably glutamine, glutamic
acid, and glycine, are 10- to 50-fold more concentrated in the intracellular
pool. Dietary variations or pathological conditions can result in substantial
changes in the concentrations of the individual free amino acids in both
the plasma and tissue pools (Furst, 1989; Waterlow et al., 1978).
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TABLE 10-2 Comparison of the Pool Sizes of Free and
Protein-Bound Amino Acids in Rat Muscle

pmol/g Wet Weight

Protein:
Free
Protein Free Ratio
Indispensable amino acids
Histidine 26 0.39 67
Isoleucine 50 0.16 306
Leucine 109 0.20 556
Lysine 58 1.86 31
Methionine 36 0.16 225
Phenylalanine 45 0.07 646
Threonine 60 1.94 31
Valine 83 0.31 272
Dispensable and some
conditionally indispensable
amino acids
Alanine 111 2.77 40
Arginine 67 0.25 269
Aspartic acid (+ amide) 110 1.13 97
Glutamic acid (+ amide) 148 9.91 15
Glycine 117 1.94 60
Serine 74 1.96 38
Tyrosine 36 0.14 266

SOURCE: Data of E.B. Fern, quoted by Waterlow et al. (1978).

Pathways of Amino Acid Metabolism

The exchange between body protein and the free amino acid pool is
illustrated by the highly simplified scheme shown in Figure 10-2. Here, all
the proteins in the tissues and circulation are grouped into one pool.
Similarly, there is a second pool, consisting of the free amino acids dis-
solved in body fluids. The arrows into and out of the protein pool show the
continual degradation and resynthesis of these macromolecules (i.e., pro-
tein turnover). The other major pathways that involve the free amino acid
pool are the supply of amino acids by the gut from the absorbed amino
acids derived from dietary proteins, the de novo synthesis in cells (includ-
ing those of the gut, which are a source of dispensable amino acids), and
the loss of amino acids by oxidation, excretion, or conversion to other
metabolites. Although this scheme represents protein metabolism in the
human as a whole, with minor modifications it can also be used to repre-
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FIGURE 10-2 Exchange between body protein and free amino acid pools.

sent protein metabolism in individual organs, or indeed the metabolism of
a single protein.

Amino Acid Utilization for Growth

Dietary protein is not only needed for maintaining protein turnover
and the synthesis of physiologically important products of amino acid
metabolism but is, of course, laid down as new tissue. Studies in animals
show that the composition of amino acids needed for growth is very simi-
lar to the composition of body protein (Dewey et al., 1996). It is important
to note, however, that the amino acid composition of human milk is not
the same as that of body protein (Dewey et al., 1996), and although the
present recommendations for the dietary amino acids for infants provided
in this report continue to be based on human milk as the standard, recent
authors (Dewey et al., 1996) have cautioned that the composition of
human milk proteins is not necessarily a definition of the biological amino
acid requirements of the growing neonate.

Maintenance Protein Needs

Even when mammals consume no protein, nitrogen continues to be
lost. Provided that the energy intake is adequate, these “basal” losses are
closely related to body weight and basal metabolic rate (Castaneda et al.,
1995b; Scrimshaw et al., 1972). In man, normal growth is very slow and the
dietary requirement to support growth is small in relation to maintenance
needs except at very young ages. Moreover, the human being is a long-
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lived species. It follows that maintenance needs are of particular impor-
tance to humans and account for a very large majority of lifetime needs for
dietary protein.

It has been known for decades (Said and Hegsted, 1970) that the
body’s capacity to conserve individual amino acids at low intakes varies, so
the pattern of amino acids needed in the diet to match their individual
catabolic rates does not correspond precisely with the composition of body
protein. For example, the indispensable amino acid requirements for adults
may provide a quarter of their minimum total need for amino nitrogen,
compared with the need for noncollagen body protein in which approxi-
mately half of the amino acids are indispensable (FAO/WHO/UNU,
1985). This implies that there is very effective recycling of indispensable
amino acids released continuously from protein degradation back into
protein synthesis. Under conditions where the diet is devoid of protein,
the efficiency of amino acid recycling is over 90 percent for both indis-
pensable and dispensable amino acids (Neale and Waterlow, 1974). While
highly efficient, some amino acids are recycled at different rates than others.

Physiology of Absorption, Metabolism, and Excretion

Protein Digestion and Absorption

After ingestion, proteins are denatured by the acid in the stomach,
where they are also cleaved into smaller peptides by the enzyme pepsin,
which is activated by the increase in stomach acidity that occurs on feed-
ing. The proteins and peptides then pass into the small intestine, where
the peptide bonds are hydrolyzed by a variety of enzymes. These bond-
specific enzymes originate in the pancreas and include trypsin, chymotrypsins,
elastase, and carboxypeptidases. The resultant mixture of free amino acids
and small peptides is then transported into the mucosal cells by a number
of carrier systems for specific amino acids and for di- and tri-peptides, each
specific for a limited range of peptide substrates. After intracellular hydrolysis
of the absorbed peptides, the free amino acids are then secreted into the
portal blood by other specific carrier systems in the mucosal cell or are
further metabolized within the cell itself. Absorbed amino acids pass into
the liver, where a portion of the amino acids are taken up and used; the
remainder pass through into the systemic circulation and are utilized by
the peripheral tissues.

Although there are good reasons to suppose that dietary protein diges-
tion is incomplete and variable among different diets, recent studies using
proteins intrinsically labeled with '®N added to a diet suggest that many
common dietary proteins, including proteins from casein, mixed whey,
wheat, and legumes, are digested with an efficiency of greater than 90 per-
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cent when fed as isolates, concentrates, or flours (Bergner et al., 1990;
Gausseres et al., 1997). Thus, a significant portion (at least 50 percent) of
fecal nitrogen losses represents the fixation by the colonic and cecal bacteria
of nitrogenous substances (urea, ammonia, and protein secretions) that
have been secreted into the intestinal lumen.

Some authors have argued that the host-colon nitrogen cycle, by which
nitrogenous compounds that diffuse into the gut are converted to ammonia
by the microflora and are reabsorbed, is a regulated function and serves as
a mechanism of nitrogen conservation (Jackson, 1989). The theoretical
basis of this proposition has been partly confirmed by the recent demon-
stration of the availability to the host of indispensable amino acids synthe-
sized by intestinal microbes (Metges et al., 1999a, 1999b). However, not all
investigators have obtained results indicative of regulated nitrogen cycling
(Raguso et al., 1999; Young et al., 2000).

Although it seems clear that the efficiency of dietary protein digestion
(in the sense of removal of amino acids from the small intestinal lumen) is
high, there is now good evidence to show that nutritionally significant
quantities of indispensable amino acids are metabolized by the tissues of
the splanchnic bed, including the mucosal cells of the intestine (Fuller
and Reeds, 1998). Thus, less than 100 percent of the amino acids removed
from the intestinal lumen appear in the peripheral circulation, and the
quantities that are metabolized by the splanchnic bed vary among the
amino acids, with intestinal threonine metabolism being particularly high
(Stoll et al., 1998). Currently, there is a lack of systematic information
about the relationship between dietary amino acid intake and splanchnic
metabolism, although there are indications that there is a nonlinear rela-
tionship between amino acid intake and appearance in the peripheral
blood (van der Schoor et al., 2001).

Intestinal Protein Losses

Protein secretion into the intestine continues even under conditions
of protein-free feeding, and fecal nitrogen losses (i.e., nitrogen lost as
bacteria in the feces) may account for 25 percent of the obligatory loss of
nitrogen (Fuller and Reeds, 1998). Under this dietary circumstance, the
amino acids secreted into the intestine as components of proteolytic
enzymes and from sloughed mucosal cells are the only sources of amino
acids for the maintenance of the intestinal bacterial biomass. In those
studies in which highly digestible protein-containing diets have been given
to individuals previously ingesting protein-free diets, fecal nitrogen excre-
tion increased by only a small amount. For highly digestible proteins, it
also is likely that when humans consume diets that do not provide an
excessive quantity of protein, a high proportion of the fecal nitrogen losses
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originate from a combination of gastrointestinal secretions and the partial
capture of the significant quantities of secreted urea that are hydrolyzed
and subsequently used by the microflora in the large intestine (Jackson,
1989).

The following points support the view that the intestinal route of protein
(amino acid) loss is of quantitative significance to maintenance protein needs.
First, continued mucosal cell turnover and enzyme and mucin secretion
are necessary for maintaining the integrity of the gastrointestinal tract and
its normal digestive physiology. Second, animal studies show that the amino
acid composition of the proteins leaving the ileum for bacterial fermenta-
tion in the colon is quite different from that of body protein (Taverner et
al., 1981). In particular, the secretions are relatively rich in dispensable
amino acids as well as threonine and cysteine (Dekker et al., 1991; Khatri
et al., 1998; Taverner et al., 1981), probably because mucin secretions
make a substantial contribution to the endogenous outflow. These two
amino acids are of significance in meeting amino acid needs when intake
is close to the requirement (Laidlaw and Kopple, 1987).

Other routes of loss of intact amino acids are via the urine and through
skin and hair loss. These losses are small by comparison with those
described above, but nonetheless may have a significant impact on esti-
mates of requirements, especially in disease states (Matthews, 1999).

Protein Synthesis

Amino acids are selected for protein synthesis by binding with transfer
RNA (tRNA) in the cell cytoplasm. The information on the amino acid
sequence of each individual protein is contained in the sequence of nucle-
otides in the messenger RNA (mRNA) molecules, which are synthesized in
the nucleus from regions of DNA by the process of transcription. The
mRNA molecules then interact with various tRNA molecules attached to
specific amino acids in the cytoplasm to synthesize the specific protein by
linking together individual amino acids; this process, known as translation,
is regulated by amino acids (e.g., leucine) (Jefferson and Kimball, 2001),
and hormones. Which specific proteins are expressed in any particular cell
and the relative rates at which the different cellular proteins are synthe-
sized, are determined by the relative abundances of the different mRNAs
and the availability of specific tRNA-amino acid combinations, and hence
by the rate of transcription and the stability of the messages.

From a nutritional and metabolic point of view, it is important to
recognize that protein synthesis is a continuing process that takes place in
most cells of the body. In a steady state, when neither net growth nor
protein loss is occurring, protein synthesis is balanced by an equal amount
of protein degradation. The major consequence of inadequate protein
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intakes, or diets low or lacking in specific indispensable amino acids rela-
tive to other amino acids (often termed limiting amino acids), is a shift in
this balance so that rates of synthesis of some body proteins decrease while
protein degradation continues, thus providing an endogenous source of
those amino acids most in need.

Protein Degradation

The mechanism of intracellular protein degradation, by which pro-
tein is hydrolyzed to free amino acids, is more complex and is not as well
characterized at the mechanistic level as that of synthesis (Kirschner, 1999).
A wide variety of different enzymes that are capable of splitting peptide
bonds are present in cells. However, the bulk of cellular proteolysis seems
to be shared between two multienzyme systems: the lysosomal and
proteasomal systems. The lysosome is a membrane-enclosed vesicle inside
the cell that contains a variety of proteolytic enzymes and operates mostly
at acid pH. Volumes of the cytoplasm are engulfed (autophagy) and are
then subjected to the action of the protease enzymes at high concentra-
tion. This system is thought to be relatively unselective in most cases,
although it can also degrade specific intracellular proteins (Cuervo and
Dice, 1998). The system is highly regulated by hormones such as insulin
and glucocorticoids, and by amino acids (Inubushi et al., 1996).

The second system is the ATP-dependent ubiquitin-proteasome system,
which is present in the cytoplasm. The first step is to join molecules of
ubiquitin, a basic 76-amino acid peptide, to lysine residues in the target
protein. Several enzymes are involved in this process, which selectively
targets proteins for degradation by a second component, the proteasome.
This is a very large complex of proteins, possessing a range of different
proteolytic activities. The ubiquitin-proteasome system is highly selective,
so can account for the wide range of degradation rates (half-lives ranging
from minutes to days) observed for different proteins. It is thought to be
particularly responsible for degrading abnormal or damaged proteins,
along with regulatory proteins that typically are synthesized and degraded
very rapidly (Ciechanover et al., 1991; Goldberg and Rock, 1992; Hershko
and Ciechanover, 1998).

Protein Turnover

The process by which all body proteins are being continuously broken
down and resynthesized is known as protein turnover. In the adult
human body, upward of 250 g/d of protein is synthesized and degraded
(Waterlow, 1984). This compares with a median daily adult intake of about
55 to 100 g/d (Appendix Table E-16). The daily amount of protein turned
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over is greater in infants and less in the elderly, when compared with
young adults on a body-weight basis (Table 10-3). Some tissues are more
active in protein turnover than others. Thus the liver and intestine, despite
their rather small contribution to the total protein content of the body,
are together believed to contribute as much as 50 percent of whole body
protein turnover (McNurlan and Garlick, 1980; Waterlow, 1984). Con-
versely, skeletal muscle is the largest single component of body protein
mass (43 percent), but contributes only about 25 percent to total body
protein turnover (Reeds and Garlick, 1984; Waterlow, 1984).

At the tissue level, proteins are continually being synthesized and
degraded as a sensitive means of regulating the amount of each separate
enzyme or structural component. Other proteins may be secreted from
the cell after synthesis and subsequently degraded at a distant site. Examples
of such proteins are serum albumin synthesized in the liver, antibodies in
the B-lymphocytes, digestive enzymes in the pancreas, and peptide hor-
mones formed in the endocrine glands.

Amino Acid Catabolism

Nitrogen Metabolism

About 11 to 15 g of nitrogen are excreted each day in the urine of a
healthy adult consuming 70 to 100 g of protein, mostly in the form of
urea, with smaller contributions from ammonia, uric acid, creatinine, and
some free amino acids (Table 10-4). These are the end products of protein
metabolism, with urea and ammonia arising from the partial oxidation of
amino acids. Uric acid and creatinine are indirectly derived from amino
acids as well.

The removal of nitrogen from the individual amino acids and its con-
version to a form that can be excreted by the kidney can be considered as
a two-part process. The first step usually takes place by one of two types of

TABLE 10-3 Whole-Body Protein Synthesis in
Humans at Different Life Stages

Life Stage Protein Synthesis (g/kg/d)
Newborn (preterm) 17.4
Infant 6.9
Adult 3.0
Elderly 1.9

SOURCE: Young et al. (1975b).
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TABLE 10-4 Approximate Distribution of
Nitrogen in Urinary Constituents in Humans
Consuming 100 g of Protein per Day

(~16 g of Nitrogen)

Compound Nitrogen (g/d)
Urea 12.8
Ammonia 0.7
Amino acids 0.7
Creatine/Creatinine 0.7
Uric acid 0.3
Hippuric acid 0.1
Total 15.3

SOURCE: Diem (1962).

enzymatic reactions: transamination or deamination. Transamination is a
reversible reaction that uses ketoacid intermediates of glucose metabolism
(e.g., pyruvate, oxaloacetate, and o-ketoglutarate) as recipients of the
amino nitrogen. Most amino acids can take part in these reactions, with
the result that their amino nitrogen is transferred to just three amino
acids: alanine from pyruvate, aspartate from oxaloacetate, and glutamate
from o-ketoglutarate.

Unlike many amino acids, branched-chain amino acid transamination
occurs throughout the body, particularly in skeletal muscle. Here the main
recipients of amino nitrogen are alanine and glutamine (from pyruvate
and glutamate, respectively), which then pass into the circulation. These
serve as important carriers of nitrogen from the periphery (skeletal
muscle) to the intestine and liver. In the small intestine, glutamine is
extracted and metabolized to ammonia, alanine, and citrulline, which are
then conveyed to the liver via the portal circulation (Harper et al., 1984).

Nitrogen is also removed from amino acids by deamination reactions,
which result in the formation of ammonia. A number of amino acids
can be deaminated, either directly (histidine), by dehydration (serine,
threonine), by way of the purine nucleotide cycle (aspartate), or by oxida-
tive deamination (glutamate). These latter two processes are important
because glutamate and aspartate are recipients of nitrogen by transamination
from other amino acids, including alanine. Glutamate is also formed in
the specific degradation pathways of arginine and lysine. Thus, nitrogen
from any amino acid can be funneled into the two precursors of urea
synthesis, ammonia and aspartate.

Urea synthesis takes place in the liver by the cyclic pathway known as
the Krebs-Henseleit cycle. Among the essential reactions in this process is
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the hydrolysis of the amino acid arginine by the enzyme arginase to yield
urea and another amino acid, ornithine, which is not incorporated into
body protein. The remaining part of the cycle involves the resynthesis of
arginine using nitrogen from ammonia and aspartate. Thus, although
arginine is the direct precursor of urea, it is not consumed in the process,
as the nitrogen excreted as urea is all derived from ammonia and aspartate.

After synthesis, the urea is carried by the circulation from the liver to
the kidney, where it is excreted into the urine. Although the excretion of
urea dominates nitrogen excretion as a whole, significant quantities of
ammonium ions are also excreted. There are some metabolic pathways,
notably the purine nucleotide cycle, whereby purine nitrogen is converted
to ammonium ions. It is generally believed that much of the ammonia
produced by this cycle in skeletal muscle is transported in the blood as
glutamine. Some of this glutamine is metabolized in the kidneys, where
the enzyme glutaminase leads to the release of ammonium ions and
glutamate. This glutamate, after losing its amino group, is then utilized in
the synthesis of glucose in the kidney. The generation of ammonium ions
from glutamine has a specific role in acid-base homeostasis, as ammonium
ion excretion serves as the main vehicle for the excretion of excess hydrogen
ions to prevent acidosis.

Carbon Metabolism

For most amino acids, removal of the amino nitrogen group generates
their ketoacid analogues. Many of these are already in a form for entry
into the pathways of oxidative metabolism (Figure 10-3). For example,
both o-ketoglutarate (from glutamate) and pyruvate (from alanine) are
intermediates of the glycolysis-tricarboxylic acid (TCA) pathway of glucose
oxidation. All the others have specific degradation systems that give rise to
intermediates that can be metabolized in these oxidative pathways. Thus,
protein can make a significant contribution to the body’s energy supply.
This is particularly true in non-growing adults, who on average consume,
and therefore oxidize, about 10 to 15 percent of their dietary energy as
protein (Appendix Table E-17).

The contribution of protein to energy needs may be significant during
periods of energy restriction or following the utilization of the body’s
limited endogenous carbohydrate stores. Protein oxidation also has been
shown to rise considerably in highly traumatized or septic individuals,
which results in large amounts of body protein loss; this loss can compro-
mise recovery or even lead to death (see below) (Klein, 1990). It is much
less in periods of chronic starvation because of various metabolic adaptations
related to ketone utilization, or on protein-restricted diets.
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FIGURE 10-3 Metabolism of the carbon skeletons of the amino acid chains (light
arrows) and their points of entry into the general pathways of metabolism of
glucose and fat (bold arrows).

SOURCE: Garlick and Reeds (1993).

Once the amino acid deamination products enter the TCA cycle (also
known as the citric acid cycle or Krebs cycle) or the glycolytic pathway,
their carbon skeletons are also available for use in biosynthetic pathways,
particularly for glucose and fat. Whether glucose or fat is formed from the
carbon skeleton of an amino acid depends on its point of entry into these
two pathways. If they enter as acetyl-CoA, then only fat or ketone bodies
can be formed. The carbon skeletons of other amino acids can, however,
enter the pathways in such a way that their carbons can be used for gluco-
neogenesis. This is the basis for the classical nutritional description of
amino acids as either ketogenic or glucogenic (i.e., able to give rise to
either ketones [or fat] or glucose).

Some amino acids produce both products upon degradation and so
are considered both ketogenic and glucogenic (Figure 10-3). It has been
argued that the majority of hepatic amino acid catabolism is directed in an
obligatory fashion to glucose synthesis (Jungas et al., 1992). The synthesis
of glucose in the liver from amino acids is dominated by alanine and
glutamate, which derive much of their carbon from peripheral metabolism
of glucose to lactate and TCA cycle intermediates. Thus, much of gluco-



PROTEIN AND AMINO ACIDS 607

neogenesis in metabolism is the result of a metabolic cycle of glucose
carbon between the peripheral tissues (especially muscle) and the liver
and kidney. This cycle also involves the peripheral synthesis of glutamine,
an amino acid that is utilized in substantial quantities by the intestinal cells
in which it is used for energy and for the synthesis of proline, citrulline,
and nucleic acids.

A significant proportion of the glucose synthesized in the liver is due
to recapture and recycling via the liver of 3-carbon units in the form of
lactate derived from anaerobic glucose breakdown in muscle (the Cori
cycle). Hepatic gluconeogenesis also occurs via the glucose—alanine cycle
(a direct parallel of the Cori cycle) and the glucose—glutamine cycle. Since
the nitrogen donors may be either glucogenic or ketogenic amino acids,
these cycles function as mechanisms for transporting nitrogen from the
periphery to the liver as well as for glucose production. The cycle involving
glutamine transport from the periphery to the gastrointestinal tract is also
vital to the synthesis of arginine and proline and is critical to the preven-
tion of the build up of excessive ammonia in the circulation.

Nonprotein Pathways of Amino Acid Nitrogen Utilization

Although in general the utilization of dietary amino acids is dominated
by their incorporation into protein and their role in energy metabolism,
amino acids are also involved in the synthesis of other nitrogenous com-
pounds important to physiological viability as shown in Table 10-5. Some
pathways have the potential for exerting a substantial impact on the utili-
zation of certain amino acids, and may be of potential significance for the
requirements for these amino acids. This is particularly true for glycine,
which is a precursor for six nitrogenous compounds, as shown in Table 10-5.
Its utilization in the synthesis of creatine (muscle function), heme (oxygen
transport and oxidative phosphorylation), and glutathione (protective
reactions which are limited by the amount of available cysteine) is not only
of physiological importance, but can also involve substantial quantities of
the amino acid. For example, in the absence of a dietary source of creatine,
adults require at least 1.1 g/d of glycine in order to sustain an adequate
rate of creatine synthesis (calculated from a creatinine excretion of 1.8 g/d
for a 70-kg man [Young et al., 1984] assuming 1 mole of glycine is used to
synthesize 1 mole of creatine which gives rise to 1 mole of urinary creatinine).
In premature infants, mainly fed human milk, there is evidence that the
glycine supply may be a primary nutritional limitation to growth (Jackson,
1991). This so-called dispensable amino acid is then needed in the diet for
optimum growth and may be termed “conditionally indispensable.”

Similarly, the synthesis of carnitine (involved in intracellular fatty acid
transport) could, under some circumstances, become of quantitative sig-
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TABLE 10-5 Amino Acid Precursors of Nonprotein Products

Precursor Amino Acids End Product
Tryptophan Serotonin
Tryptophan Nicotinic acid
Tyrosine Catecholamines
Tyrosine Thyroid hormones
Tyrosine Melanin

Lysine Carnitine

Cysteine Taurine

Arginine Nitric oxide
Glycine Heme

Glycine, arginine, methionine Creatine
Methionine, glycine, serine “Methyl group metabolism”
Glycine, taurine Bile acids
Glutamate, cysteine, glycine Glutathione
Glutamate, aspartate, glycine Nucleic acid bases

nificance to lysine requirements. These may be important nutritional con-
siderations in individuals consuming marginal amounts of proteins of plant
origin and undoubtedly have an impact on overall amino acid utilization
when protein intake is very low.

Clinical Effects of Inadequate Protein Intake

As outlined above, protein is the fundamental component necessary
for cellular and organ function. Not only must sufficient protein be pro-
vided, but also sufficient nonprotein energy (i.e., carbohydrates, fats) must
be available so that the carbon skeletons of amino acids are not used to
meet energy needs (Duffy et al., 1981). Similarly, unless amino acids are
present in the diet in the right balance (see later section, “Protein Quality”),
protein utilization will be affected (Duffy et al., 1981). In the world as a
whole, protein-energy malnutrition (PEM) is fairly common in both children
and adults (Stephenson et al., 2000), and is associated with the deaths of
about 6 million children each year (FAO, 2000). In the industrialized
world, PEM is seen predominantly in hospitals (Bistrian, 1990; Willard et
al., 1980), is associated with disease (Wilson and Pencharz, 1997), and
often found in the elderly (Allison, 1995). Hypoalbuminemic malnutrition
has been described in hospitalized adults (Bistrian, 1990) and has also
been called adult kwashiorkor (Hill, 1992).

Clearly, protein deficiency has adverse effects on all organs (Corish
and Kennedy, 2000). In infants and young children, it has been shown to
have harmful effects on the brain and may have longer-term effects on
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brain function (Pollitt, 2000). Furthermore, protein deficiency has been
shown to have adverse effects on the immune system, resulting in a higher
risk of infections (Bistrian, 1990). It also affects gut mucosal function and
permeability, which, in turn, affects absorption and makes possible bacterial
invasion from the gut, which can result in septicemia (Reynolds et al.,
1996). Protein deficiency has also been shown to adversely affect kidney
function, where it has adverse effects on both glomerular and tubular
function (Benabe and Martinez-Moldonado, 1998).

Total starvation will result in death in initially normal-weight adults in
60 to 70 days (Allison, 1992). For comparison, protein and energy reserves
are much smaller in premature infants, and survival of 1,000-g neonates is
only about 5 days (Heird et al., 1972).

Clinical Assessment of Protein Nultritional Status

No single parameter is completely reliable to assess protein nutritional
status. Borderline inadequate protein intakes in infants and children are
reflected in failure to grow as estimated by length or height (Jelliffe, 1966;
Pencharz, 1985). However, weight-height relationships can be distorted by
edema and ascites (Corish and Kennedy, 2000). Mid-upper arm parameters
such as arm muscle circumference have been used to measure protein
status (Young et al., 1990). The triceps skinfold is reflective of energy
nutritional status while the arm muscle circumference (or diameter) is
reflective of protein nutritional status (unless a myopathy or neuropathy is
present) (Patrick et al., 1994).

In addition, urinary creatinine excretion has been used as a reflection
of muscle mass (Corish and Kennedy, 2000; Forbes, 1987; Young et al.,
1990), but it is not very sensitive. The most commonly used methods to
clinically evaluate protein status measure serum proteins; the strengths
and weaknesses of these indicators are summarized in Table 10-6. In
practical terms, acute protein depletion is not clinically important as it is
rare, while chronic deficiency is important. Serum proteins as shown in
Table 10-6 are useful, especially albumin and transferrin (an iron-binding
protein). In a study from Nigeria, low transferrin levels were more predic-
tive of risk of death in children with PEM than were albumin levels (Ramsey
et al.,, 1992). Due to their very short halflives, prealbumin and retinol
binding protein (apart from their dependence on vitamin A status) may
reflect more acute protein intake than risk of protein malnutrition (which
is a process with an onset of period of 7 to 10 days (Ramsey et al., 1992).
Hence, albumin and transferrin remain the best measures of protein mal-
nutrition, but with all of the caveats listed in Table 10-6.

Physical examination related to protein malnutrition focuses atten-
tion on the skin and hair as they are rapidly growing protein-containing
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TABLE 10-6 Use of Serum Proteins to Assess Protein
Nutritional Status

Half-Life Clinical Use Limitations

Albumin 18d Severe malnutrition  Affected by protein losing
enteropathy, renal loss,
burn, and by liver disease

Transferrin 8-9d Limited—chronic Affected by iron deficiency
deficiency and by infection
Pre-albumin 2d Acute depletion Affected by vitamin A
deficiency
Retinol-binding 12 h Acute depletion Affected by vitamin A
protein deficiency

SOURCE: Adapted from Young et al. (1990).

tissues. In protein malnutrition, the skin becomes thinner and appears
dull; the hair first does not grow, then it may fall out or show color changes
(Pencharz, 1985). Over a longer period of time, assessment of changes in
lean body mass reflects protein nutritional status. The clinical tools most
available to assess lean mass are dual emission x-ray absorptiometry and
bioelectrical impedance (Pencharz and Azcue, 1996).

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR PROTEIN (NITROGEN)

In the framework for Dietary Reference Intakes, as described in
Chapter 1 and Appendix B, adequacy of requirements is defined as the
lowest daily intake value for a nutrient that will meet the need, as defined
by the specified indicator or criterion of adequacy, of apparently healthy
individuals. This section reviews some of the possible indicators used or
proposed for use in analyses estimating human protein requirements.

Factorial Method

The factorial method is based on estimating the nitrogen (obligatory)
losses that occur when a person is fed a diet that meets energy needs but is
essentially protein free and, when appropriate, also relies on estimates of
the amount of nitrogen that is accreted during periods of growth or lost to
mothers during lactation. The major losses of nitrogen under most con-
ditions are in urine and feces, but also include sweat and miscellaneous
losses, such as nasal secretions, menstrual losses, or seminal fluid. In this
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method, the protein requirement is estimated by interpolating or extrapolat-
ing the obligatory losses to the zero balance point in which protein needs
(as nitrogen) are assumed to equal the obligatory protein lost as nitrogen
(nitrogen equilibrium).

This is where the factorial method has its greatest weakness, since the
relationship between protein intake and nitrogen retention is somewhat
curvilinear; the efficiency of nitrogen retention becomes less as the zero
balance point is approached (Rand and Young, 1999; Young et al., 1973).
Additionally, in order to utilize the factorial approach when determining
the protein requirement for infants and children, their needs for protein
accreted as a result of growth must be added to their maintenance needs.

Nitrogen Balance Method

This classical method has been viewed by many as theoretically the
most satisfactory way of determining the protein requirement. Nitrogen
balance is the difference between nitrogen intake and the amount excreted
in urine, feces, skin, and miscellaneous losses. As discussed below, nitro-
gen balance remains the only method that has generated sufficient data
for the determination of the total protein (nitrogen) requirement. It is
assumed that when needs are met or exceeded adults come into nitrogen
balance; when intakes are inadequate, negative nitrogen balance results.
In determining total protein (nitrogen) needs, high-quality proteins are
utilized as test proteins to prevent negative nitrogen balance resulting from
the inadequate intake of a limiting indispensable amino acid. A significant
literature exists regarding the methods and procedures to use in deter-
mining nitrogen balance amount (Manatt and Garcia, 1992; Rand et al.,
1981).

Limatations of the Method

The nitrogen balance method does have substantial practical limita-
tions and problems. First, the rate of urea turnover in adults is slow, so
several days of adaptation are required for each level of dietary protein
tested to attain a new steady state of nitrogen excretion (Meakins and
Jackson, 1996; Rand et al., 1976). Second, the execution of accurate nitro-
gen balance measurements requires very careful attention to all the details
of the procedures involved. Since it is easy to overestimate intake and
underestimate excretion, falsely positive nitrogen balances may be obtained
(Hegsted, 1976). Indeed, an overestimate of nitrogen balance seems con-
sistent throughout the literature because there are many observations of
quite considerable apparent retention of nitrogen in adults (Oddoye and
Margen, 1979). This observation is biologically implausible because (a) adults
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do not normally accrete body protein, and (b) the magnitude of the posi-
tive nitrogen balances is inconsistent with stability of body weight. A third
limitation of the nitrogen balance method is that since the requirement is
defined for the individual, and studies rarely provide exactly the amount
of protein necessary to produce zero balance, individuals must be studied
at several levels of protein intake in the region of the requirement so that
estimates of individual requirements can be interpolated (Rand et al.,
1976; Zello et al., 1990). Finally, dermal and miscellaneous losses of nitro-
gen must be included in the calculation. These are inordinately difficult to
measure, and vary with the environmental conditions (e.g., ambient tem-
perature). In fact, the literature indicates marked (at least twofold) differ-
ences between studies (Calloway et al., 1971). The inclusion of dermal and
miscellaneous nitrogen losses can have a significant effect on estimates of
amino acid requirements via nitrogen balance, especially in adults
(Calloway et al., 1971; Millward, 1998; Rand and Young, 1999).

Statistical Analysis of Nitrogen Balance Data

In studies with healthy adults in presumably good nutritional status, it
is generally assumed that the protein requirement is achieved when an
individual is in zero nitrogen balance. To some extent, this assumption
poses problems that may lead to underestimates of the true protein
requirement. First, there are sufficient observations of paradoxically high
positive nitrogen balances in the literature to imply that when individuals
are in measured body nitrogen equilibrium, they are in fact in a small nega-
tive nitrogen balance (Kopple, 1987). The large majority of the studies
have concentrated their measurements of protein adequacy at levels of
intake below nitrogen balance and as a result, the intercept of protein
intake at zero nitrogen balance is lower than the true intercept as the
efficiency of protein utilization decreases as zero balance is reached (Young
et al., 1973).

The empirical solution is to carry out measurements that span nitro-
gen equilibrium, ideally by using multiple levels of intake in the same
individual and interpolating individual requirement levels. Three differ-
ent interpolation schemes have been proposed, based on (1) a smooth
nonlinear model (Hegsted, 1963; Rand and Young, 1999), (2) a two-phase
linear model (also called bilinear or breakpoint) (Kurpad et al., 2001a;
Zello et al., 1995), and (3) a linear model (Rand et al., 1976; Rand et al.,
2003). Since the physiological response relationship between nitrogen
intake and balance is theoretically expected not to be linear, the more
complex models (1 and 2 above) would be appropriate bases for arriving
at a requirement estimate. However, in order to set the Recommended
Dietary Allowance (RDA), it is necessary to determine the variability of the
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requirement between individuals, free from the considerable within-
individual variability, and both these models require more data points on
each individual than are currently available in published studies.

Thus, while it is recognized that the first two models above are more
realistic biologically, because of the lack of available data the method
adopted for this report is to use linear interpolation to estimate the indi-
vidual requirements (the intakes predicted to result in zero balance) that
in turn are used to estimate the distribution of protein requirements. The
bilinear model was used to estimate requirements for some of the amino
acids; however, estimates of population variability (between individuals)
were derived from the analysis of protein requirements.

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIRMENT FOR INDIVIDUAL AMINO ACIDS

Irrespective of whether a design involving multiple studies in a limited
number of individuals or single studies in a larger number of subjects has
been used, the uniform approach to the determination of the require-
ment for an individual indispensable amino acid involves measuring the
relationship between the intake of the amino acid (in an otherwise ade-
quate diet) and some predetermined marker of nutritional adequacy. The
marker can be one that follows the state of protein metabolism or balance
(e.g., nitrogen balance or whole body protein turnover) or the status of
the metabolism and utilization of the amino acid under investigation (e.g.,
its concentration). These approaches give somewhat different information
about the requirement for the amino acid. Moreover, each method has
peculiar theoretical and practical disadvantages, thus the level of consis-
tency of estimates based on different approaches should be examined.
The following approaches have been proposed.

Nitrogen Balance Method

This classical method is discussed earlier in more detail under “Selection
of Indicators for Estimating the Requirement for Protein (Nitrogen).” It
has been apparent for at least 15 years that the nitrogen balance—derived
values for amino acid requirements in adults are lower than values derived
by the other methods described below, which provide results similar to
each other (Millward et al., 1990; Young, 1987; Young et al., 1989). Many
explanations have been put forward for the lower results using nitrogen
balance methodology, including the fact that excess nonprotein energy
may have been used in many nitrogen balance studies (Garza et al., 1976,
1977a, 1977b, 1978).
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Rand and Young (1999) analyzed the data of Jones and coworkers
(1956) in which young women were fed up to five different intake levels of
lysine. The design of that study allowed for the determination of between-
individual variance by studying each individual at several levels of lysine
intake. In fact, within the large nitrogen balance and amino acid require-
ment literature, only one other study (Reynolds et al., 1958) was found in
which adults were studied at four or more different intakes of amino acids
with constant levels of total nitrogen (Reynolds et al., 1958). These investi-
gators studied four different levels of methionine and cysteine.

With these two data sets, nonlinear regression can be utilized. The
reanalysis of the 1956 Jones study produced an estimate of nitrogen equi-
librium for lysine of 30 mg/kg/d, which is comparable to the values
derived by the other methods described below (Rand and Young, 1999).
In addition, most of the classic amino acid work using nitrogen balance
(Leverton et al., 1956a, 1956b, 1956¢, 1956d; Rose, 1957; Rose et al., 1955a,
1955b, 1955¢, 19556d, 1955e, 1955f) did not include dermal and miscella-
neous losses, which result in further underestimation of indispensable
amino acid requirements.

Unfortunately, for infants and children the only data available are
those based on nitrogen balance, and considerable uncertainty about the
accuracy of the estimates remains. However, recent factorial estimates are
in reasonable agreement with the nitrogen balance estimates (Dewey et
al., 1996).

Plasma Amino Acid Response Method

This method was the first that focused on the physiology of the indi-
vidual amino acid (Longnecker and Hause, 1959; Munro, 1970). The
reasoning behind this approach is that when the intake of the test amino
acid is below its dietary requirement, then its circulating concentration is
not only low, but also is relatively insensitive to changes in intake. As intakes
of the target amino acid approach the requirement level by increasing the
intake of the limiting amino acid, the plasma level of the amino acid starts
to increase progressively (see Figure 10-4). The point at which the
“constant” portion of the relationship between intake and plasma concen-
tration intersects the linear portion is considered to be an estimate of the
requirement.

A variation on this method involves the examination of the changes in
the plasma concentration of the test amino acid as the adult moves from
the post absorptive to the fed state post-consumption (Longnecker and
Hause, 1961). At intakes below the requirement, the plasma concentra-
tion of the test amino acid is expected to fall in the fed state and rise only
when the dietary supply of the amino acid is greater than the individual’s
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FIGURE 104 Plasma threonine levels in the fed state with increasing levels of threo-
nine intake in well-nourished men. Two-phase regression revealed a breakpoint at
about 13 mg/kg/d. Taken from Kurpad and Young (2001), with permission.

requirement. The theoretical basis of the approach is sound but the method
has disadvantages. The main difficulty is that amino acid metabolism is so
complex that factors other than the level of amino acid intake, such as
gastric emptying time, can influence its concentration (Munro, 1970).
Furthermore, the relationship between the intake of the amino acid and
its circulating concentration is not necessarily bilinear, so it is difficult to
determine a “breakpoint” (Young et al., 1972). Although in some regards
this problem applies also to the oxidation methods discussed below, over
the last 20 years these later methods have supplanted plasma amino acid
concentration-based approaches.

Direct Amino Acid Oxidation (DAAO) Method

In the 1980s, Young and his coworkers introduced the use of measure-
ments of the carbon oxidation of single indispensable amino acids as indi-
cators of adequacy of the amino acids (Young et al., 1989). This marked a
major theoretical advance over the nitrogen balance and plasma amino
acid response methods. The theoretical basis of the direct amino acid
oxidation (DAAO) method is that the nutritional indispensability of an
amino acid is a function of its inability to synthesize its carbon skeleton.
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Thus, when the test amino acid is labeled with 3C, the production of
breath 1*CO, is assumed to be a good measure of the irreversible oxidative
loss of the amino acid.

The method has been applied in a similar manner to the plasma amino
acid response approach by designing experiments to determine a break-
point in the relationship between the carbon catabolism of the amino acid
(as measured as breath '*CO,) and its intake. Thus by analogy to the
concentration method, it is assumed that below the requirement the test
amino acid is conserved and that there is a low constant oxidation rate,
but once the requirement is reached, the oxidation of the test amino acid
increases progressively.

Although the DAAO method was an important advance beyond
nitrogen balance, it also presented limitations, which have been discussed
in depth (Fuller and Garlick, 1994). The most salient problem arises from
the reliance on the determination of a breakpoint in the oxidation of the
test amino acid. This reliance requires studies at very low intakes of the test
amino acid. However, at these low dietary intakes, the intake of the infused
labeled amino acid becomes significant in relation to dietary intake. This
can lead to errors in the estimation of amino acid oxidation based on the
production of labeled CO,. Thus, values of amino acid oxidation based on
the production of 1*CO, are likely to be overestimated. The second limita-
tion is that the DAAO method can only be used with full accuracy for
those amino acids whose carboxyl group is released directly to the body
bicarbonate pools. This limits its use largely to the branched chain amino
acids, phenylalanine, and lysine. Other amino acids, such as threonine
and tryptophan, pose particular problems (Zhao et al., 1986).

A criticism of this method has been that measurements were only made
during a short period during which food was given at regular hourly
intervals. This period was therefore not representative of the day as a
whole. A later modification of this approach was to infuse the labeled
amino acid during a period of fasting followed by a period of hourly meals,
thus acknowledging the discontinuous way in which food is normally taken
(Young et al., 1987). However, although this was an advance on the earlier
approach, assumptions still had to be made to extrapolate the results from
the short periods to a full day.

Twenty-four Hour Amino Acid Balance Method

Over the last decade, the DAAO method has been adapted in such a
way that it allows the carbon balance of the amino acid under investigation
to be determined over a full 24-hour period (El-Khoury et al., 1994a,
1994b). In some respects, the development of the 24-hour amino acid
balance method stemmed from the fact that the DAAO method had been



PROTEIN AND AMINO ACIDS 617

criticized because measurements were made only in the fed state. Thus the
24-hour amino acid balance method was developed to determine the
balance of the test amino acid over a 24-hour period that encompassed
periods of fasting and feeding. This marked a significant advance in deter-
mining amino acid requirements because it moved investigations away
from the simple study of nitrogen metabolism and allowed, in principle at
least, direct measurements of the quantities of the amino acid lost under
different nutritional circumstances.

There also are drawbacks to this method. The first limitation arises
from the unresolved questions related to the method’s theoretical basis.
Although the end point of the method is the measurement of the body’s
balance of the test amino acid, the base measurement is the proportion of
the dose of *C-amino acid that is excreted as '*CO,. In order to convert
the measured rate of production of labeled CO, to a rate of oxidation of
the amino acid, it is necessary to know the isotopic enrichment of the
amino acid at the intracellular site of oxidation. This is difficult because
amino acid metabolism is compartmentalized and measurements of plasma
amino acid labeling likely underestimate true turnover, and hence true
oxidative loss, of the amino acid. Although for some amino acids this
problem can be circumvented by administering a labeled metabolic product
of the amino acid (e.g., 0-keto isocaproic acid in studies of leucine
metabolism).

The second drawback is practical—measuring the oxidation of the test
amino acid over a complete 24-hour period makes the method labor
intensive. This probably underlies the fact that to date this method has
been applied to only three amino acids: leucine (El-Khoury et al., 1994a,
1994b; Kurpad et al., 2001b), lysine (ElI-Khoury et al., 2000; Kurpad et al.,
2001a), and phenylalanine with and without tyrosine (Basile-Filho et al.,
1998), and only a limited number of different levels of amino acid intake
have been investigated.

Indicator Amino Acid Oxidation (IAAO) Method

The indicator amino acid oxidation (IAAO) method arose from work
on the amino acid requirements of neonatal pigs (Kim et al., 1983).
Although the IAAO method is based on measurements of amino acid
oxidation, it uses measurements of the carbon catabolism of a nonlimiting
amino acid (called the indicator amino acid) as a carbon analogue of
nitrogen balance. The reasoning is that when a single indispensable amino
acid is provided below its requirement, it acts as the single and primary
limitation to the ability to retain other nonlimiting amino acids in body
protein. These other amino acids, including the indicator amino acid, are
then in nutritional excess and are oxidized (Zello et al., 1995). When the
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intake of the test amino acid is zero, then protein synthesis is minimal and
oxidation of the indicator is maximal. As the intake of the test amino acid
is increased, protein retention increases and the oxidation of the indicator
amino acid falls until the requirement level of the test amino acid is
reached, after which the oxidation of the indicator amino acid is lower
and essentially constant. The data are then analyzed to obtain as estimate
of the intersection of the constant and linear portions of the relationship
(the breakpoint).

The IAAO method has some advantages over the direct oxidation and
carbon balance methods and has been validated in growing piglets by
comparing estimates based on growth and body composition (Kim et al.,
1983). The first advantage is that the metabolic restrictions of carbon
dioxide release apply only to the indicator amino acid. Thus amino acids
such as threonine, whose peculiar metabolism makes them problematical
in the DAAO method, can be studied. Second, the pool size of the
indicator amino acid does not change radically as the intake of the test
amino acid is varied. Thus to some extent, potential problems of compart-
mentation are minimized and, in principle, the method does not require
estimates of the turnover of the indicator amino acid.

However, the JAAO method also has several limitations as it has been
applied. First, like the DAAO approach, it has only been used in the fed
state and the extent to which the fasting-state oxidation of the indicator
amino acid is altered by the status of the limiting amino acid has not been
determined. Second, the dependence of the result on the amount of total
protein given during the isotope infusion has not been established. Third,
the choice of the best indicator is still under study so that data obtained
with the method are dependent on the assumption of the general applica-
bility of the indicator amino acids (phenylalanine and lysine) that have
been used most frequently.

Classical nitrogen balance studies in humans show that it takes 7 to
10 days for urinary nitrogen to equilibrate in adults put on a protein-free
diet (Rand et al., 1976). On the other hand, it has been shown that most
(about 90 percent) of the adaptation in leucine kinetics is complete in
24 hours (Motil et al., 1994). Zello and coworkers (1990) studied 2- to 8-day
adaptation periods to either 4.2 or 14 mg/kg/d of phenylalanine on rates
of phenylalanine oxidation at phenylalanine intakes of 5, 7, 10, 14, 21, 28,
or 60 mg/kg/d. These investigators were unable to show any effect of
prior adaptation to these two different phenylalanine intakes on the rates
of phenylalanine oxidation at changing phenylalanine intakes, where the
adaptation to the test level was about 4 hours. Clearly, from this study,
adaptations in amino acid metabolism appear to take place much more
quickly than do adaptations in urinary nitrogen excretion and are (at least
for leucine [Motil et al., 1994]) virtually complete within 24 hours.
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The most satisfactory statistical models for determining amino acid
requirements use regression to define the population mean and variance.
For the regression models to work, ranges of intake (particularly at the low
end) have to be fed. In practical terms, this has greatly hampered studies
in infants, children, and other vulnerable groups. On the other hand, if
the individual only needs to be on a low or even zero intake of the test
amino acid for a matter of 8 hours, then it becomes feasible to study
indispensable amino acids in these and other vulnerable groups.

Such a minimally invasive indicator oxidation model has been devel-
oped (Bross et al., 1998) and applied to determine tyrosine requirements
in children with phenylketonuria (Bross et al., 2000). In this model the
oxidation study is conducted after only 6 hours of adaptation to the level
of the test amino acid, which is administered every 30 minutes.

For amino acid oxidation measurements, two-phase linear crossover
regression analysis was introduced during the validation of indicator amino
acid oxidation in piglets (Kim et al., 1983). Later, this approach was trans-
ferred to humans in a direct oxidation study (Zello et al., 1990) and in
indicator oxidation studies (Bross et al., 2000; Zello et al., 1993). This
technique permits a precise determination of the breakpoint, which is
used as the estimate of the requirement for the amino acid Estimated
Average Requirement (EAR).

As pointed out above, the drawbacks of the indicator method are the
short period of measurement in the fed state only, and the lack of a period
of adaptation to the test diets. To avoid these drawbacks, a 24-hour indicator
method has been developed (Kurpad et al., 2001a), which takes advantage
of the strengths of the indicator approach, as well as the 24-hour period of
measurements including feeding and fasting. On theoretical grounds, this
method has advantages over other methods for estimating amino acid
requirements, and is the chosen method for estimated amino acids require-
ments where data are available.

FINDINGS BY LIFE STAGE AND GENDER GROUP
FOR TOTAL PROTEIN

Infants Ages O Through 6 Months

Method Used to Set the Adequate Intake

The recommended intakes of protein are based on an Adequate Intake
(AI) that reflects the observed mean protein intake of infants fed princi-
pally with human milk.
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Human Milk. Human milk is recognized as the optimal source of
nutrients for infants throughout at least the first year of life and is recom-
mended as the sole nutritional source for infants during the first 4 to
6 months of life (IOM, 1991). There are no reports of apparently healthy,
full-term infants, exclusively fed human milk, who manifest any signs of
protein deficiency (Heinig et al., 1993). Therefore, determination of the
Al for protein for infants is based on data from infants fed human milk as
the principal source of nutrients during the period 0 through 6 months of
age. As is described in Chapter 2, the Al is set at the mean value calculated
from studies in which the volume of human milk was measured by test
weighing, and the average concentration of the protein content in human
milk was determined using average values from several reported studies.

The protein content of human milk at various stages of lactation is
shown in Table 10-7. In general, protein concentrations decline in the
later stages of lactation. Nonprotein nitrogen contributes 20 to 27 percent
of total milk nitrogen (Atkinson et al., 1980; Butte et al., 1984a, 1984b;
Dewey et al., 1996). These nonprotein nitrogenous components include
free amino acids, pyrimidine nucleotides, creatine, and glutathione, but
the large majority is urea. Using data from 13 lactating mothers of term
infants, Butte and coworkers (1984a) reported that the protein content of
human milk was 1.29 g/dL at 2 weeks of lactation, 1.08 g/dL at 4 weeks,
1.01 g/dL at 6 weeks, 0.94 g/dL at 8 weeks, and 0.91 g/dL from 10 to
12 weeks. Similar results of 0.91 g/dL were reported by Lammi-Keefe and
coworkers (1990) at 8 weeks of lactation in 6 mothers of term infants. Both
of these studies analyzed nitrogen by the Kjeldahl method. However,
higher human milk protein content has been reported by Nommsen and
coworkers (1991): 1.21 g/dL at 3 months, 1.14 g/dL at 6 months, 1.16 g/dL
at 9 months, and 1.24 g/dL at 12 months of lactation. Dewey and coworkers
(1984) reported values of approximately 1.25 g/dL at 4 to 11 months of
lactation. These latter investigators attribute the higher values to their
utilization of the modified Lowry assay for total protein, which tends to
result in slightly higher values (Nommsen et al., 1991).

Ages 0 Through 6 Months. The Al for infants 0 through 6 months is
based on the estimated average volume of milk intake of 0.78 L/d (Allen
etal., 1991; Heinig et al., 1993) for this age group, and an average protein
content of human milk of 11.7 g/L. This is the average protein content of
human milk during the first six months of lactation from studies (Butte et
al., 1984a; Dewey and Lonnerdal, 1983; Dewey et al., 1984; Nommsen et
al., 1991) in which the sample size was at least 10 and actual data were
provided (see Table 10-7). This value is in the range of protein content
reported in other studies (Table 10-7). Multiplying this amount by the
estimated average volume of intake of human milk for infants 0 through
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6 months, the Al would be 11.7 g¢/L x 0.78 L/d =9.1 g/d or 1.52 g/kg/d
based on the reference weight of 6 kg for the 2- through 6-month-old
infant from Chapter 1 (Table 1-1).

Protein AI Summary, Ages O Through 6 Months

Al for Infants
0-6 months 1.52 g/kg/d

Special Considerations

Although protein intakes have been reported to be 66 to 70 percent
higher in infants fed formula compared with those fed human milk for up
to 12 months of age, there is no evidence that the lower protein intakes in
the breast-fed infants were associated with adverse outcomes (Heinig et
al., 1993). In fact, despite their lower protein intakes, some studies have
demonstrated that infants fed human milk have better immune function
and behavioral development than formula-fed infants (IOM, 1991; Lucas
et al.,, 1992; Rogan and Gladen, 1993). As expected, gains in weight and
lean body mass are higher in the formula-fed than breast-fed infants, but
when controlled for energy intake, protein intake is not associated with
weight or length gain within the breast-fed infants (Heinig et al., 1993).
Several studies have shown that infants fed formula with a true protein
level ([total nitrogen — nonprotein nitrogen] multiplied by 6.25) of 15 g/L
have higher urea nitrogen and plasma amino acid levels than those seen
in breast-fed infants (Janas et al., 1985, 1987; Jarvenpaa et al., 1982a, 1982b;
Raiha et al., 1986a, 1986b), a true protein intake of 13 g/L of infant for-
mula based on cow milk has been shown to result in a similar plasma
amino acid profile in formula-fed infants to that seen in breastfed infants
(Lonnerdal and Chen, 1990).

It is recognized that casein and whey in cow milk is not the same as
human casein and whey and that the absorption and digestibility of amino
acids from formula is different than that of human milk. The 1985 Joint
FAO/WHO/UNU expert group (FAO/WHO/UNU, 1985) recommended
a factor of 0.70 for protein in cow milk, finding that it is 70 percent as
efficiently utilized as the protein in human milk based on studies in 1-year-
old infants. Later Fomon (1991) recommended a conversion estimate of
90 percent for infants receiving infant formula as the only source of dietary
protein and suggested that infant formula should contain a minimum of
1.6 g o-amino nitrogen/100 kcal. Thus in determining the level of pro-
tein to be included in infant formula based on various possible protein
sources, it is important to evaluate the digestibility and comparative pro-
tein quality (see “Protein Quality”) as indicated above.
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Infants Ages 7 Through 12 Months

Method Used to Estimate Average Intakes

During the second 6 months of life, solid foods become a more impor-
tant part of the diet of infants and add a significant amount of protein to
the diet. Although limited data are available for typical protein intakes
from foods by infants fed human milk, mean protein intake from comple-
mentary foods for infants aged 7 through 12 months was estimated to be
7.1 g/d for human milk—fed infants based on data from the Third National
Health and Nutrition Examination Survey. Heinig and coworkers (1993)
reported slightly higher values for nonmilk protein intake during the
second 6 months of life. Based on their data, the average volume of human
milk consumed during the second 6 months of life would be about 0.6 L/d.
Thus, protein intake from human milk with a protein content of about
12.1 g/L at 7 to 12 months of lactation from the data for this age group
(Dewey et al., 1984; Nommsen et al., 1991) would be approximately 7.3 g/d
(12.1 g/L x 0.6 L/d). It should be noted that this is greater than that
derived from the studies of content of milk from earlier lactation periods,
primarily due to the use of the Lowry methods by both of these reports
and the small number of studies available from this lactation period.

Adding the intake from milk (7.3 g/d) and food (7.1 g/d), the total
average protein intake is estimated to be 14.4 g/d or 1.6 g/kg/d based on
the reference weight of 9 kg for the 7- through 12-month-old infant from
Chapter 1 (Table 1-1).

Method Used to Estimate the Average Requirement

Published data on the relationship between protein (nitrogen) intake
and nitrogen balance were utilized to estimate protein requirements by
the factorial method for infants 7 through 12 months of age as well as for
children and adolescents through 18 years of age. The factorial method
includes: (1) estimates of the maintenance requirement, which is deter-
mined by regression analysis of the relationship between nitrogen intake
and nitrogen balance, (2) measurement of the rates of protein deposition,
which are derived from body composition analysis, and (3) estimates of
the efficiency of protein utilization, which is derived from the slope of the
line relating intake and balance from the available data on infants and
children.

Several nitrogen balance studies that involved children in the age
range of 9 months to about 14 years were identified and analyzed
(Table 10-8). The studies fall into three groups: (1) studies designed to
measure “basal” nitrogen loss at very low or zero protein intakes, (2) studies
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involving children receiving only one of a variety of protein levels, and
(3) studies involving a limited number of individuals but with each indi-
vidual receiving a range of protein intakes. Included in the analysis were
studies in which the children consumed diets containing milk/egg,
legume/cereal, and mixed vegetable/animal protein sources. The results,
summarized in Table 10-8, were obtained in mostly boys and include a
number of different ethnic groups including European, African, Central
American, and Chinese.

Miscellaneous Losses. A critical aspect of the analysis is the inclusion of
an estimate for integumental and unaccounted losses that were based on
direct measurements in children, mostly boys, aged 7 months through
14 years. On the basis of five reports (Howat et al., 1975; Huang et al.,
1980; Korslund et al., 1976; Uauy et al., 1981; Viteri and Martinez, 1981), the
mean miscellaneous nitrogen losses are estimated to be 6.5 (+ 2.3) mg/kg/d
with a range of 5 to 9 mg/kg/d. In deriving the protein requirement, this
estimate of miscellaneous losses was included as an adjustment to the
reported nitrogen balances for the studies included in Table 10-8. The
miscellaneous losses from both boys and girls are assumed to be the same
since data from girls were limited.

Maintenance Requirement. Individual maintenance protein require-
ments were estimated by first regressing nitrogen balance on nitrogen
intake for the individuals studied at several different intake levels, and
then using these individual regression equations to interpolate the intakes
that would be expected to produce zero nitrogen balance (adjusting for
6.5 mg/kg/d for miscellaneous losses). Table 10-8 contains seven studies
that permit estimation of individual requirements and three studies that
were used to estimate pooled requirements. As shown in the table, the
average individual maintenance requirement was estimated as the median
of the individual nitrogen requirements (108 mg/kg/d). For each study,
an estimate was calculated as the median of the individual studies or the
study pooled nitrogen requirement for those studies without individual
data, and was 110 mg/kg/d . Since data for girls were sparse and could not
be separated from that for boys, the protein maintenance requirement for
both boys and girls is set at the same level. In addition, the maintenance
protein requirement was not adjusted for age, as the requirement per kg
of body weight for children 8 years of age and above appeared to be simi-
lar to that of younger children ranging in age from 9 months to 5 years
(Table 10-8). Supporting this decision are the data of Widdowson and
Dickerson (1964), which demonstrated that around 4 years of age, body
protein concentration reaches the adult value of 18 to 19 percent of body
weight.
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TABLE 10-8 Maintenance Protein Requirement for Children
Based on Nitrogen Balance Data?

Reference Country Diet Age
Huang et al., 1980 China Milk 9-17 mo
Huang et al., 1980 China Egg 9-17 mo
Intengan et al., 1981 Philippines Rice and fish 18-26 mo
Torun and Viteri, 1981 Guatemala Milk 17-31 mo
Torun et al., 1981 Guatemala Soy 17-31 mo
Egana et al., 1984 Chile Milk 34-62 mo
Egana et al., 1984 Chile Soy 34-62 mo
Intengan, 1984 Philippines Rice and beans 22-29 mo
Gattas et al., 1990 Chile Mixed 8-10y
Gattas et al., 1992 Chile Mixed 12-14y

Median of all individual estimates (n = 7 studies)

Median of all studies (n = 10)

@ Entries are medians (mean + standard deviation).
b Multiple data on each individual not available.
¢ Regression estimate of study requirement.

Protein Deposition. Estimates of rates of protein deposition for infants
from 9 months through 3 years of age (Butte et al., 2000) and total body
protein content from 4 through 18 years of age (Ellis et al., 2000) were
utilized to estimate rates of body protein deposition and are shown in
Table 10-9. This table contains longitudinal (Butte et al., 2000) and cross-
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Maintenance
Requirement
Intercept at 6.5 mg Including
n N/kg/d Slope 6.5 mg N/kg/d
32 points? (24 boys) ~ -77.5¢ 0.69¢ 112¢
29 points? (10 boys) -81.6°¢ 0.71¢ 116¢
7 boys -53.6 0.52 102
(-47.4 £ 26.0) (0.49 + 0.10) 91 = 37)
10 boys -52.0 0.70 66
(=51.1 £ 22.1) (0.71 £ 0.12) (71 + 28)
10 boys -55.5 0.55 90
(-52.2 + 14.5) (0.58 £ 0.09) (89 + 18)
6 boys and girls -35.4 0.52 76
(-40.1 £ 16.2) (0.51 £ 0.08) (79 + 27)
7 boys and girls -58.2 0.51 127
(-69.4 + 9.9) (0.49 £ 0.10) (124 + 19)
5 boys -98.1 0.68 149
(-121.1 + 438.7) (0.77 + 0.24) (156 + 15)
8 boys -67.3 0.54 126
(=b5.4 + 39.2) (0.43 £ 0.29) (126 = 11)
8 boys (pooled)? —61.4¢ 0.57¢ 107°¢
53 -57.5 0.56 108
(-57.9 + 32.3) (0.57 £ 0.19) (101 + 35)
-57.4 0.58 110

sectional (Ellis et al., 2000) data based on a combination of water dilution,
whole body potassium, and dual-energy x-ray absorptiometry (DXA)
scanning methods used to estimate body composition. To obtain protein
deposition rates since the data in young children were longitudinal (Butte
et al., 2000), and the data in older children were cross-sectional (Ellis et
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TABLE 10-9 Mean Daily Rates of Protein Deposition and
Factorial Model Calculations of Mean Requirements for

Protein

Girls Boys

Protein Mean Protein Mean

Deposition? Requirementb Deposition® Requirementb
Age (y) (mg/kg/d) (g/kg/d) (mg/kg/d) (g/kg/d)
0.75 183 1.00 180 1.00
1 150 0.94 150 0.94
1.5 112 0.88 116 0.89
2 91 0.84 96 0.85
3 57 0.78 54 0.78
1-3 103 0.86 104 0.87
4 48 0.77 44 0.76
5 44 0.76 40 0.76
6 48 0.77 42 0.76
7 46 0.76 46 0.76
8 42 0.76 51 0.77
4-8 46 0.77 45 0.77
9 48 0.77 55 0.78
10 36 0.74 51 0.77
11 35 0.75 48 0.77
12 39 0.75 48 0.77
13 29 0.74 41 0.76
9-13 37 0.75 49 0.77
14 23 0.73 38 0.75
15 19 0.72 34 0.74
16 8 0.70 28 0.73
17 0 0.69 19 0.72
18 0 0.69 6 0.70
14-18 10 0.71 25 0.71

@ Deposition was derived from the data for protein accumulation in children (Butte et

al.

, 20005 Ellis et al., 2000), which were fitted to the following polynomial equations.

The gradients at specific ages in the range 4 through 17 years were determined by
differentiation of the regression equation. The growth rates given by Butte et al. (2000)
were employed for ages 0.75 through 2 years.

Girls protein content = —-0.00027 x age (y)4 + 0.00816 x age (y)3 - 0.0665 x age (y)2 +
0.51819 x age (y) + 0.60856 (R2 = 0.9946).
Boys protein content = —0.00047 x age (y)4 + 0.01663 x age (y)3 - 0.16613 x age (y)2 +
0.95166 x age (y) + 0.36037 (R2 = 0.9966).

notes continue
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al., 2000), the data for body protein content from the two studies were
pooled and regressed on age, giving a smooth curve and yielding the poly-
nomial equations that are shown in footnote « in Table 10-9. Inclusion of
data from the young children (Butte et al., 2000) improved the fit over the
range of ages 4 through 18 years, but the fit at the younger ages, near the
tail of the curve, was not satisfactory. Hence, the gradients at specific ages
in the age range 4 through 18 years were determined by differentiation of
the regression equation, whereas for ages 9 months through 2 years, the
growth rates given by Butte and coworkers (2000) were employed.

Protein EAR Summary, Ages 7 Through 12 Months

The Estimated Average Requirement (EAR) is estimated by the facto-
rial method by taking the median (110 mg nitrogen/kg/d equivalent to
688 mg protein/kg/d) of the nitrogen intake for nitrogen equilibrium
(thus measuring maintenance requirement only) derived from Table 10-8,
plus the product of 1.72 (the reciprocal of the slope [0.58] of those data,
which estimates the efficiency of protein utilization for growth) and the mean
protein deposition (Table 10-9) for boys and for girls. The resulting mean
protein requirement is estimated to be 1.0 g/kg/d for boys and for girls.

EAR for Older Infants
7-12 months 1.0 g/kg/d

Protein RDA Summary, Ages 7 Through 12 Months

The Recommended Dietary Allowance (RDA) is defined as covering
97.5 percent of the age group. Thus, the EAR must be increased by an
amount equal to two times its standard deviation to cover the needs of
almost all of this age group. The variation in requirements is based on
both the variation in maintenance needs and the variation in the rate of
protein deposition (protein for growth).

b Mean requirement = maintenance requirement from Table 10-8 or 10-12 + dietary
amount needed from protein deposition by life stage and gender group.

Median requirement for ages 0.75 through 13 years = 688 mg protein/kg/d (110 mg
N/kg/d [Table 10-8] x 6.25 mg protein/kg N) + (1.72 [efficiency of protein utilization
derived from reciprocal of slope in Table 10-8] x mean protein deposition for life stage
and gender group).

Median requirement for ages 14 through 18 years = 656 mg protein/kg/d (105 mg
N/kg/d [Table 10-12] x 6.25 mg protein/kg N) + (2.13 [the efficiency of protein
utilization derived from reciprocal of slope in Table 10-12 = 0.47] X mean protein
deposition).



630 DIETARY REFERENCE INTAKES

Due to lack of adequate data on this age group, the variation in main-
tenance requirement for protein was assumed to be the same in children
of all ages as in adults. Thus, the coefficient of variation (CV) for mainte-
nance for this age group is 12 percent, the same as the CV of the protein
requirement for adults developed by Rand and coworkers (2003) (see
“Adults Ages 19 Through 30 Years”). A coefficient of variation for growth
of 43 percent was determined in a study of whole body potassium-40 content
in children (Butte et al., 2002). The total variation from both sources
combined is calculated from the formula:

SD = (\/ [CVy; X maintenance requirement]2
+ [CV, X growth requirement]?),

where CV,; is 0.12, the maintenance requirement is 0.688 g protein/kg/d,
CV,, is 0.43, and the growth requirement is the rate of protein deposition
divided by the efficiency of dietary protein utilization. This yields the
following formula:

SD, = (\ [0.12 x 0.688 g protein/kg/d]?
+[0.43 x 1.72 X Y g protein/kg/d?]),

where Y=0.182 g/kg/d (average of value for boys and girls from Table 10-9).

The RDA is then calculated as the RDA = EAR + 2 X SD., yielding the
formula:

RDA = EAR + 2 % (\/ [0.12 x 0.688 g protein/kg/d]2
+[0.43x1.72%x0.182 ¢ protein/kg/d]Q)

The estimated amount by which to increase the EAR to cover 97.5
percent of older infants is thus the EAR + 2 (0.101 g protein/kg/d) = 1.0 +
0.2 g protein/kg/d for a total of 1.2 g/kg/d of protein. This value is
slightly lower than the AI for protein based on mean protein content of
human milk and the intake from complementary foods of 1.6 g/kg/d.

RDA for Older Infants
7-12 months 1.2 g/kg/d or 11.0 g/d of protein'

IDue to a calculation error in the prepublication copy, the value is changed from
1.5 g/kg/d to 1.2 g/kg/d and for the reference infant from 13.5 g/d to 11.0 g/d.
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Children Ages 1 Through 13 Years

Protein EAR Summary, Ages 1 Through 13 Years

The Estimated Average Requirement (EAR) is estimated by the fac-
torial method, which adds the amount needed for maintenance based on
body weight to the amount estimated to be needed for protein deposition.
The mean of the nitrogen intake for nitrogen equilibrium (thus measur-
ing maintenance requirement only) is derived from all of the individual
estimates for children and is 110 mg nitrogen/kg/d or 688 mg protein/kg/d
(110 x 6.25) (Table 10-8). This is increased by the product of 1.72 (the
reciprocal of the slope [0.58] of that data, which estimates the amount of
protein utilization) and the efficiency of utilization as estimated by Rand
and coworkers (2003) for adults (see “Adults Ages 19 Years and Older”).
This is multiplied by the mean protein deposition (Table 10-9) for boys
and for girls for each age group. Given the assumptions in this method
and the few girls in the studies included in Tables 10-8 and 10-9, the EAR
is set at the average for boys and girls in each age group.

EAR for Boys and Girls
1-3 years 0.87 g/kg/d of protein®
4-8 years 0.76 g/kg/d of protein
9-13 years 0.76 g/kg/d of protein

Protein RDA Summary, Ages 1 Through 13 Years

Assuming the variation of maintenance requirements for protein and
protein deposition requirements vary, then the RDA is set as indicated at
the 97.5th percentile, estimated as follows:

RDA = EAR + 2 (\ [0.12 x 0.688 g protein/kg/d]2
+[0.43 X 1.72 X Y g protein/kg/d]?),

where Y= 0.104 g for age group 1-3 years, 0.046 g for age group 4-8 years,
and 0.043 g for age group 9-13 years. Numbers are rounded to nearest
0.05g.

Using the reference values for body weight for each age group as
shown in Table 1-1, the RDA for protein would be 13 g/d for ages 1-3
years, 19 g/d for 4-8 years, and 34 g/d for 9-13 years.

2Due to a calculation error in the prepublication copy, the value is changed
from 0.88 g/kg/d to 0.87 g/kg/d.
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RDA for Boys and Girls
1-3 years 1.05 g/kg/d or 13 g/d of protein®
4-8 years 0.95 g/kg/d or 19 g/d of protein
9-13 years 0.95 g/kg/d of 34 g/d of protein

Adolescents Ages 14 Through 18 Years

Since data were not available to determine the maintenance protein
requirement in children older than 14 years of age (Table 10-8), and since
the maintenance nitrogen requirement of children (110 mg/kg/d) is simi-
lar to that for adults (105 mg/kg/d as shown in Table 10-12), the EAR for
adolescents 14 through 18 years of age is based on the adult estimates of
maintenance requirements from nitrogen balance studies (Rand et al.,
2003), plus an additional amount to cover the needs for growth for this
age as determined by the factorial method.

Protein EAR Summary, Ages 14 Through 18 Years

The maintenance requirement of adults of 105 mg nitrogen/kg/d or
656 mg protein/kg/d is added to the product of 2.13 (the reciprocal of
the slope [0.47], which is the estimate of the efficiency of protein utiliza-
tion in adults) (Rand et al., 2003), times the mean protein deposition as
adjusted for efficiency of protein utilization (0.43), and calculated for boys
or girls 14 through 18 years of age using the polynomial equations given in
Table 10-9 to estimate protein deposition.

EAR for Boys
14-18 years 0.73 g/kg/d of protein

EAR for Girls
14-18 years 0.71 g/kg/d of protein

Protein RDA Summary, Ages 14 Through 18 Years

The RDA for protein for adolescents is set by determining the CV for
maintenance and protein deposition. Since the CV of the maintenance
requirement could not be calculated from the data shown in Table 10-8,
and because of the similarity in maintenance requirements in children

(Table 10-8; 110 mg N/kg/d) and adults (105 mg N/kg/d as estimated by

3Due to a calculation error in the prepublication copy, the value is changed
from 1.10 g/kg/d to 1.05 g/kg/d.
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Rand et al., [2003]), the CV in adults (12 percent) was also utilized to
determine the variation in maintenance requirements for children and
adolescents (see section “Protein RDA Summary, Ages 19-50 Years”). A
CV of 43 percent for protein deposition was determined in the study of
Butte and coworkers (2000), and this varied little with age and gender.
Therefore, this value was used as the CV for growth for all ages.

The RDA is set for older adolescents as indicated at the 97.5th percen-
tile, estimated as follows:

RDA = EAR + 2 (\ [0.12 x 0.656 g protein/kg/d]2
+[0.43 x 2.13 X Y g protein/kg/d]?),

where Y= 0.010 g for girls and 0.025 g for boys. Numbers are rounded to
nearest 0.05 g.

Using the reference values for body weight shown in Table 1-1, the
RDA for protein for girls 14-18 years of age would be 46 g/d, and for boys,
52 g/d.

RDA for Boys
14-18 years 0. 85 g/kg/d of protein or 52 g/d of protein

RDA for Girls
14-18 years 0.85 g/kg/d of protein or 46 g/d of protein

Adults Ages 19 Through 50 Years

Evidence Considered in Estimating the Average Requirement

In adults, protein requirement estimates have depended on one of
two main approaches, namely, the factorial method and nitrogen balance
response to different levels of intake of defined quality protein intakes.
While the nitrogen balance method for estimation of protein requirements
has serious shortcomings (see “Nitrogen Balance Method”), this method
remains the primary approach for determining the protein requirement
in adults, in large part because there is no validated or accepted alternative.

Nitrogen Balance Studies

Over the last 40 years, a number of analyses of available data on adult
nitrogen balance studies have been utilized to estimate adult protein require-
ments; some reports are listed in Table 10-10. A growing body of data has
accumulated that allows a more refined approach to such estimates, as
improved techniques for measuring nitrogen output and controlling for
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TABLE 10-10 Estimates of Adult Protein Requirements Using
Nitrogen Balance Data

Estimates of Adult Protein
Requirements for High Quality
Protein (includes estimate of

variation in requirements) (g/kg/d) Estimation of
Variation in

Reference Men Women Requirements (%)
FAO/WHO, 1965 0.71 0.71 10

FAO/WHO, 1973 0.60 0.60 15
FAO/WHO/UNU, 0.75 0.75 12.5

1985
Rand et al., 2003 0.80 0.80 12

external variables that impact nitrogen utilization have been implemented,
and there has been a move toward standardization of study protocols.

The most recent in-depth analysis conducted at the request of the
International Dietary Energy Consultative Group in 1996 and then more
recently by the Food and Agriculture Organization, World Health Organi-
zation, and the United Nations University (FAO/WHO/UNU) included
19 studies conducted across the globe that measured and published nitro-
gen balance responses for 235 individuals given at least three levels of
nitrogen intake for periods of 10 to 14 days (to be included in the analysis,
it was required that individual data be available for at least three levels of
intake adapted to by consuming the diet for least 10 days, with urinary and
fecal nitrogen collection in the final 5 days of the diet period) (Rand etal.,
2003). This was considered important so that estimates of individual require-
ments could be interpolated. In addition, 9 studies of individuals fed a
single level of nitrogen intake or that only provided group data for multiple
levels of intake (n = 174 individuals) were used to assess the fit of the
analyses conducted (Rand et al., 2003). The studies used were classified on
the basis of age of the adults (young: 19 through 52 years of age; old:
53 years of age and older); protein source (animal [animal sources
provided > 90 percent of the total protein], vegetable [vegetable sources
provided > 90 percent of the total protein], or mixed), as well as gender
and climatic origin (temperate or tropical area), and corrected for skin
and miscellaneous losses when not included in the nitrogen balance data
(Rand et al., 2003). (See Appendix M for data on studies used.)
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Analyses have also been made estimating endogenous protein loss in
healthy adults when consuming protein-free diets adequate in all other
respects. Estimates of endogenous loss from some of the various analyses
of protein requirements are included in Table 10-11.

Methods Used to Estimate Individual Requirements

Earlier estimates of adult protein requirements (FAO/WHO, 1965)
utilized information from endogenous nitrogen losses as the basis for
determining protein requirements, assuming maximal utilization at levels
near endogenous losses. However, as discussed in earlier sections, the effi-
ciency of utilization of dietary protein declines as nitrogen equilibrium is
reached. More recent approaches have averaged nitrogen balance data
obtained from various studies where healthy individuals were given high-
quality protein sources so that total nitrogen is considered the limiting
dietary component rather than a specific indispensable amino acid (FAO/
WHO/UNU, 1985).

With additional data it is possible to estimate requirements using
regression analysis. Linear regression of nitrogen balance on nitrogen
intake was utilized to estimate the nitrogen intake that would produce
zero nitrogen balance in the most recent carefully done analysis available
(Rand et al., 2003). In adults, it is generally presumed that the protein
requirement is achieved when an individual is in zero nitrogen balance.
To some extent, this assumption poses problems that may lead to under-
estimates of the true protein requirement (see “Nitrogen Balance Method”).

Although the authors (Rand et al., 2003) acknowledge that it is known
that the nitrogen response curve is nonlinear (because at high intakes the
efficiency of nitrogen retention decreases), linear interpolation was uti-
lized because the primary data utilized for the regression were gathered at
intake levels close to those that were expected to produce zero balance. In
this range there is no indication, either visually or statistically, for the
utilization of an interpolation scheme other than linear (Rand et al., 2003).
It was also recognized that while the use of more complex models would
improve the standard error of fit, these models did not statistically improve
the fits, in large part because of the small number of data points (3 to 6)
for each individual (Rand et al., 2003).

Estimation of the Median Requirement

Utilizing the recent analysis of nitrogen balance data (Rand et al.,
2003), the individual requirement estimates were found to be both signifi-
cantly skewed and kurtotic, being characterized by more than expected
very large or very small requirements (see Figure 10-5) (Rand et al., 2003).
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FIGURE 10-5 Distribution of the estimated protein requirements for 225 individuals
(Rand et al., 2003) in a trimmed data set showing the skewness of protein
requirement.

SOURCE: William Rand, personal communication, 2002.

The median requirement, potentially of use as the EAR, was calculated in
two different ways: first as the median of the entire sample of 235 indi-
viduals in the primary data set (weighting all individuals the same), and
second as the median of the medians of each distinct substudy (weighting
each substudy equally) (Rand et al., 2003). In either case, data from all
individuals were included in the analysis.

The results of these analyses are included in Table 10-12. Because of
the non-normality of the individual data, nonparametric tests were used
(Mann-Whitney and Kruskal-Wallis) to compare requirements between the
age, gender, diet, and climate subgroups (Table 10-13). Where nonsignifi-
cant differences were found, Analysis of Variance was used for power cal-
culations to roughly estimate the differences that could have been found
with the data and variability. Separate analyses were conducted for all the
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individual requirements and for substudies, both excluding and including
secondary estimation data (Rand et al., 2003).

Statistical Analysis of Nitrogen Balance Data to Determine the
Protein Requirement

Data Analysis. The relationship between nitrogen balances, corrected
for integumental and miscellaneous losses, and nitrogen intake from Rand
and coworkers (2003) is shown in Figure 10-6. This figure includes indi-
vidual data from the linear regression of nitrogen balance in adults exam-
ined (Rand et al., 2003). The authors noted that positive nitrogen balance
was found in some individuals at nitrogen intakes as low as 60 mg/kg/d,
and in other individuals negative balance was noted at nitrogen intakes as
high as 200 mg/kg/d. This suggests that at least some of these individuals
were not at constant nitrogen balance equilibrium.

In addition, while the nitrogen balance response to increasing nitrogen
intake is theoretically expected to be nonlinear, the primary individual
data points near the equilibrium balance point demonstrate a linear rela-
tionship, which appears to become nonlinear at high intakes. This can be
attributed to different study designs in the test data included in Figure 10-6.
The data points from only the estimation studies show a linear response
over the relatively narrow range of intakes studied, while data points from
the test studies also show a response that is not different from linear,
although more variable and with a lower slope. Much variability is noted in
the response data because the studies differ in methodology, individuals
differ from each other, and an individual’s response differs from day to day.

Table 10-12, a summary of the nitrogen requirement for all the data
points included in the analysis by Rand and coworkers (2003), shows a
nitrogen requirement of 105 mg/kg/d or 0.66 g protein/kg/d (105 mg
N/kg/d X 6.25), with an approximately 95 percent confidence interval of
101 to 110 mg/kg/d (0.63 to 0.69 g protein/kg/d). When only the indi-
vidual data points in the primary estimation studies are considered, the
nitrogen requirement is 102 mg/kg/d (0.64 g protein/kg/d), and when
all of the estimation study data points are considered, the nitrogen
requirement is 103 mg/kg/d (0.64 g/kg/d). The median slope of the
nitrogen balance response regression was 0.47 mg N/kg/d for all the data
points, with a 95 percent confidence interval of 0.44 to 0.50 mg N/kg/d,
which is in close agreement with the median slope of the primary estimation
studies of 0.49 mg N/kg/d and all estimation studies of 0.47 mg N/kg/d.

Factor Analysis. Since all the data meeting the criteria for the meta-
analysis were combined in the regression analysis by the authors (Rand et
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FIGURE 10-6 Relationship between individual nitrogen balances, corrected for
integumental and nitrogen losses and nitrogen intake in random selection of data.
O = primary data; A = test data; * = obligatory losses data.

SOURCE: Rand et al. (2003).

al., 2003), a separate analysis was conducted to evaluate the extent to which
the four factors thought to have the most influence on protein require-
ments—climate, age, gender, and dietary protein source—were analyzed.
As shown in Table 10-13, expected climate in the country of the study had
a significant effect (p < 0.47), with differences of the magnitude of about
+10 mg N/kg/d (0.06 g protein/kg/d) in tropical climates. The effect of
age, as shown in Table 10-13, was a nonsignificant difference of 27 mg N/d
(0.17 g protein/d) in the nitrogen requirement between young (19 to
52 years of age) and older (53 years of age and older) individuals per kg of
body weight. Although the young individuals had a lower nitrogen require-
ment than the older individuals, the requirement of young individuals was
more variable and more positively skewed than that for the older individuals.
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In addition, men had a statistically significant higher median nitrogen
requirement by about 18 mg N/kg/d (0.11 g protein/kg/d) than did the
women studied, although this difference disappears when medians of the
primary estimation studies are compared. Ninety-five percent confidence
intervals for these estimates are 104 and 114 mg N/kg/d (0.65 and 0.71 g
protein/kg/d) for men and 85 and 104 mg N/kg/d (0.53 and 0.65 g
protein/kg/d) for women. Finally, the source of protein (90 percent
animal, 90 percent vegetable, or mixed) did not significantly affect the
median nitrogen requirement, slope, or intercept. It should be noted that
almost all of the studies included as 90 percent vegetable were based on
complementary proteins. For further discussion on this aspect of the data
analysis and for information on vegetarian diets see later sections on
“Protein Quality” and on “Vegetarians.”

All of the various estimates of protein requirements (Table 10-10) are
confounded by variations in energy intake relative to energy balance and
expenditure. It has been estimated that an error of about 10 percent in
energy intake as estimated from a diet history or a prediction equation
(FAO/WHO/UNU, 1985) would cause the nitrogen balance estimate to
be affected by about + 6 mg/kg/d (Pellett and Young, 1992).

Other Approaches to Determine the Protein Requirement Based on the
Recent Meta-Analysis

In addition to the linear statistical approach to determine protein
requirements described in detail above, the authors considered three other
statistical approaches to the nitrogen balance analysis (Rand et al., 2003).
All data from the studies in the meta-analysis were fitted to the following
models: linear, quadratic, asymptotic exponential growth and linear
biphase (see Table 10-12).

Since the above analyses used all of the available data points without
linking the individuals or restricting the range of intakes, the authors made
the decision to use nitrogen equilibrium as the criterion and individual
linear regressions, using only those individuals in the primary data set to
determine the protein requirement (Rand et al., 2003). However, due to
the shortcomings of the nitrogen balance method noted earlier, it is rec-
ommended that the use of nitrogen balance should no longer be regarded
as the “gold standard” for the assessment of the adequacy of protein intake
and that alternative means should be sought.

Protein EAR Summary, Ages 19 Through 50 Years

Using the recent meta-analysis of the nitrogen balance studies (Rand et
al., 2003), the best estimate of the nitrogen EAR in the healthy adult popu-
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lation is determined to be 105 mg N/kg/d, the median requirement for
all data (Table 10-13), or 0.66 g/kg/d of protein (105 mg N/kg/d X 6.25).
The criterion of adequacy used for the protein EAR is based on the lowest
continuing intake of dietary protein that is sufficient to achieve body nitro-
gen equilibrium (zero balance). While the data as analyzed in the meta
analysis (Rand et al., 2003) do not provide any basis for assuming different
requirements for climate, age, or source of protein in the diet, it must be
recognized that such a lack of statistically significant differences in this
data may well be artifacts of the method and the variability in both its
determination and in the individuals measured.

Although the data indicate that women have a lower nitrogen require-
ment than men per kilogram of body weight, this was only statistically
significant when all studies were included, but not when the analysis was
restricted to the primary data sets. This difference may be due to differ-
ences in body composition between men and women, with women and
men having on average 28 and 15 percent fat mass, respectively. When
controlled for lean body mass, no gender differences in the protein re-
quirements were found. However, in view of the uncertain significance of
the difference between the genders, the same protein EAR on a body
weight basis for both men and women is chosen. Based on the reference
body weights of 70 kg and 57 kg for men and women, respectively, from
Table 1-1, the EAR for protein is 47 g/d for men and 38 g/d for women.

EAR for Men
19-30 years 0.66 g/kg/d of protein
31-50 years 0.66 g/kg/d of protein
EAR for Women
19-30 years 0.66 g/kg/d of protein
31-50 years 0.66 g/kg/d of protein

Protein RDA Summary, Ages 19 Through 50 Years

The RDA for protein is set using the nitrogen balance database and
methodology detailed by Rand and colleagues (2003) who demonstrated
that the natural logarithm of requirement (in mg nitrogen/kg/day) has a
normal distribution with a mean of 4.65 and a standard deviation of 0.12.
The 97.5th percentile of the log requirement is then calculated as 4.89
(the mean plus 1.96 times the standard deviation) and the RDA is the
exponentiation (exp) of this value, 132 mg nitrogen/kg/d, or equivalently,
0.80 g protein/kg/d (rounding to the nearest 0.1 g). It should be noted
that protein requirement having a log normal distribution permits the
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estimation the protein intake adequate for any percentile (P) of a healthy
population from the equivalent formulae:

exp[0.12 x z(P) + 4.65] for nitrogen (mg/kg/d), or
exp[0.12 X z(P) - 0.425] for protein (g/kg/d)

In these equations,

(1) “4.65” and “-0.425” are, respectively, the means of the log require-
ment distributions in mg nitrogen/kg/d and g protein/kg/d [the EAR in
mg nitrogen/kg/d = exp(4.65) = 105, while the EAR in g protein/kg/d =
exp(-0.425) = 0.65];

(2) “0.127 is the standard deviation of the log of requirement (note
that one feature of log normal distributions is that their standard devia-
tion does not change when the units are changed); and

(3) “z(P)” is the value of the standardized normal distribution associ-
ated with P.

For example, the intake that is estimated to be adequate for 80 per-
cent of a healthy population is exp [0.12 X z(0.8) — 0.425] = exp [0.12 X
0.84 — 0.425] = exp[-0.324] = 0.72 g protein/kg/d.

Based on the reference body weights of 70 kg for men and 57 kg for
women from Table 1-1, the RDA for protein is 56 g/d for men and 46 g/d
for women ages 19 through 50 years.

Because the distribution of individual requirements for protein is log
normal, and thus skewed, the calculated standard deviation and coeffi-
cient of variation of requirement itself does not have the usual intuitive
meaning (that the mean plus two standard deviations exceeds all but about
2.5 percent of the population’s requirement). However, because this skew-
ing is not extreme, an approximate standard deviation can be calculated
as half the distance from the 16th to the 84th percentile of the protein
requirement distribution as estimated from the log normal distribution of
requirements. This gives a value of 12.5 mg nitrogen/kg/d (CV = 12 per-
cent) which can be used to estimate the RDA’s of other age groups and for
individual amino acids where fewer data from the following formula:
RDA = EAR + 2 CV, or RDA = 1.24 x EAR.

RDA for Men
19-30 years 0.80 g/kg/d or 56 g/d of protein
31-50 years 0.80 g/kg/d or 56 g/d of protein
RDA for Women
19-30 years 0.80 g/kg/d or 46 g/d of protein

31-50 years 0.80 g/kg/d or 46 g/d of protein
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Adults Ages 51 Years and Older
Evidence Considered in Estimating the Average Requirement

In the meta-analysis described in Table 10-12 and used as the basis to
determine adult protein requirements (Rand et al., 2003), there were six
studies to assess the protein requirement of individuals aged 51 years and
older. These have been analyzed and evaluated in various publications
(Campbell and Evans, 1996; Campbell et al., 1994; Millward and Roberts,
1996; Millward et al., 1997). Table 10-14 shows the value for the EAR
derived by the original authors, plus the values obtained in the reassess-
ments of the original data by Campbell’s group in 1994 and Millward’s
group in 1997. The variability among the derived values, and the changes
due to reassessment, are the result of the many inadequacies in the origi-
nal data, which are described below.

Only the study of Cheng and coworkers (1978) involved a direct com-
parison of old with young adults; however, the authors made no assess-
ment of the miscellaneous nitrogen losses and were not able to show any
clear difference in the requirement of older and younger adults. In inter-

TABLE 10-14 Nitrogen Balance Studies in Older Individuals

Protein Intake

Reference Study Population Levels (g/kg/d)
Cheng et al., 1978 7 men, 60-73 y 0.40, 0.80, 1.60
Uauy et al., 1978 7 men, 0.57, 0.70, 0.85

7 women 0.52, 0.65, 0.80
Zanni et al., 1979 6 men, 63-77 y 0.38, 0.44
Gersovitz et al., 1982 7 men, 70-82 y 0.80

8 women, 71-99 y 0.80
Campbell et al., 1994 8 men, 56-68 y 0.80, 1.62

4 women, 66-80 y 0.80, 1.62
Castaneda et al., 1995b 12 women, 66-79 y 0.45, 0.92

@ Estimates of average requirements derived from studies on elderly adults by the origi-
nal authors and in subsequent reanalyses by Millward et al. (1997) and Campbell et al.
(1994).
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preting the data of Cheng’s group, it was suggested that the energy intake
of the older Chilean men was too high, 40 kcal/kg/d, as it was the same as
that given to the younger men, who would be expected to have higher
energy expenditures (Campbell et al., 1994).

Dietary energy excess is believed to give rise to erroneously low esti-
mates of protein requirements (Garza et al., 1976, 1977a). However, the
energy requirements of the elderly have been shown to be higher than
previously believed (Roberts, 1996). Moreover, the urinary creatinine to
body weight ratio reported by Cheng and coworkers (1978) was the same
in the old (0.023 g/kg/d) as in the young (0.022 g/kg/d) men, suggesting
that the two groups were of similar body composition. This is in contrast to
studies in the United States where lower creatinine to body weight ratios
were observed in the older adults (0.014 to 0.018 g/kg/d) (Campbell et
al., 1994; Uauy et al., 1978; Zanni et al., 1979).

The study of nitrogen balance by Zanni and coworkers (1979) sug-
gested that the average amount of protein intake required to maintain
nitrogen balance in older adults was very low (0.46 g/kg/d). This study
was performed under almost the same conditions as those used with
younger adults in an earlier study from the same laboratory (Calloway and

Average Requirement (g protein/kg/d)%
as calculated by:

Energy Intake Campbell et al. Millward et al.
(kcal/kg/d) b Authors (1994) (1997)

40 (constant) 0.77 0.93 > 0.4

32 0.70-0.85 0.81 <0.57

28 (varied) 0.83 0.81 Uncertain

31 (varied) 0.46 0.65 Uncertain

32 > 0.8 — < 0.8

29 (varied)

32 1.0 1.0 < 0.8
29 (varied)

32 (varied) 0.78-0.82 — < 0.92

b Energy intake was either held constant for duration of nitrogen balance period, or
varied to maintain body weight; varied levels are average intakes of group as reported by
authors.
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Margen, 1971) and demonstrated that the amount of protein needed by
older adults (0.46 g/kg/d) was quite similar per kg of body weight com-
pared to the younger adults (0.42 g/kg/d). Since the two different diets
studied were relatively low in protein (0.38 and 0.44 g/kg/d), Millward
and coworkers (1997) suggested that these low protein intakes led to an
underestimate of the requirement. Moreover, since the adults were on a
protein-free diet for 17 days preceding the two low-protein diets (each fed
in random order for 15 days), this could have resulted in significant protein
depletion, probably leading to a further underestimate of requirement.
On the other hand, the study of Uauy and coworkers (1978) employed
energy intakes (30 kcal/kg/d) that may have been too low, suggesting that
their estimate of requirement (~0.8 g/kg/d) might have been an over-
estimate (Millward et al., 1997). It can be seen from Table 10-14 that the
reanalysis by Campbell and coworkers (1994) led to overall higher estimates
of the requirements of older adults than the original authors, whereas the
reanalysis by Millward’s group (1997) led to lower estimates.

In studies designed to evaluate the adequacy of diets containing
0.8 g/kg/d of protein (the 1973 FAO/WHO recommendation for a safe
level of intake of egg or milk protein in adults [FAO/WHO, 1973]), nitrogen
balance was measured in adults given single levels of protein for various
periods. Gersovitz and coworkers (1982) showed that almost 50 percent of
older men and women were in negative nitrogen balance at this level after
30 days. Similar results were obtained by Campbell and coworkers (1994)
in individuals given 0.8 g/kg/d of protein for 11 days, whereas Castaneda
and coworkers (1995a) found that the majority of older women were
in positive nitrogen balance after 3 and 9 weeks on a diet containing
0.92 g/kg/d of protein.

On the basis of these data and reanalysis of the original data from the
studies discussed above, it was suggested that the estimated requirement
should be increased (Campbell and Evans, 1996), although Millward and
coworkers (1997) were not in agreement with this conclusion. More recent
data have shown that elderly adults given 0.8 g/kg/d of protein were in
nitrogen balance after 2 weeks, and in positive balance after 8 and 14
weeks (Campbell et al., 2001). However, the thigh muscle area was signifi-
cantly reduced after 14 weeks compared with 2 weeks, although there were
no changes in any other measured indices of body protein composition.

In order to address these problems of interpretation of the relevant
literature, the meta-analysis evaluated the data from the studies on elderly
adults compared with those from the studies used to evaluate the require-
ment in younger individuals (Rand et al., 2003). All the data from studies
of nitrogen balance in the older adults were included in the regression
procedure employed to determine the protein requirement of adults 19 to
50 years of age, and no significant effect of age in terms of the amount of
protein required per kilogram of body weight was detected (Table 10-13).
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Protein EAR Summary, Ages 51 Years and Older

In summary, no significant effect of age on protein requirement in
older adults was detected using the linear regression model by Rand and
coworkers (2003) when evaluated in terms of amount needed per kg of
body weight, recognizing that lean body mass as a percent of body weight
and the protein content of the body both decrease with age. Therefore,
for older adults, no additional protein allowance based on body weight
beyond that of younger adults is warranted.

EAR for Men
51-70 years 0.66 g/kg/d of protein
> 70 years 0.66 g/kg/d of protein
EAR for Women
51-70 years 0.66 g/kg/d of protein
> 70 years 0.66 g/kg/d of protein

Protein RDA Summary, Ages 51 Years and Older

As with younger adults, because the distribution of individual require-
ments for protein is not a normal distribution and is skewed, its calculated
standard deviation and coefficient of variation do not have the usual intui-
tive meaning (the mean plus two standard deviations exceeding all but
about 2.5 percent of the population’s requirement). However, an approxi-
mate standard deviation can be calculated as half of the distance from the
16th to the 84th percentiles of the protein requirement distribution as
estimated from the log normal distribution of requirements. This gives,
for comparative purposes, an approximate standard deviation of 12.5 mg
N/kg/d (CV =12 percent). It can thus be assumed as with younger adults
percent that the RDA = EAR + 2 CV for protein and individual amino acids,
or RDA = 1.24 X EAR. The calculated RDA is rounded to the nearest 0.05.

RDA for Men
51-70 years 0.80 g/kg/d or 56 g/d of protein
> 70 years 0.80 g/kg/d or 56 g/d of protein
RDA for Women

51-70 years 0.80 g/kg/d or 46 g/d of protein
> 70 years 0.80 g/kg/d or 46 g/d of protein
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Pregnancy

Physiological Adaptations to Protein Metabolism During Pregnancy

Whole body protein turnover, measured by leucine kinetics, is
increased in pregnant women at weeks 24 and 35 compared with pregnant
women at 13 weeks or with nonpregnant women (Thompson and Halliday,
1992). Similar observations of increased whole body protein turnover dur-
ing pregnancy have been made using !°N lysine as a tracer (Kalhan and
Devapatla, 1999). A significant reduction in urea synthesis has been shown
to occur in the first trimester and is sustained throughout pregnancy
(Kalhan et al., 1998). There is general agreement that the amount of
nitrogen accreted due to a pregnancy involving 12.5 kg of maternal weight
gain (which includes a term infant weighing 3.3 kg) is 148 g (equivalent to
925 g protein if using a conversion factor of 6.25) (Hytten and Leitch,
1971; King, 1975). This amount of protein accumulation is predicted by a
summation of the protein components of the fetus (440 g), uterus (166 g),
expanded maternal blood volume (81 g), placenta (100 g), extracellular
fluid (135 g), and amniotic fluid (3 g) (IOM, 1990). There is also evidence
from both nitrogen balance studies and whole body potassium counting
that there are additional maternal protein-containing tissues that accumu-
late during pregnancy and are presumed to be in skeletal muscle (Kalhan,
2000; King, 1975; King et al., 1973).

Evidence Considered in Estimating the Average Requirement

Nitrogen and Potassium Balance. King and coworkers (1973) studied 10
adolescent women aged 15 to 19 years during the last trimester of preg-
nancy. Since all but one of the individuals were more than 4 years beyond
menarche, the authors excluded consideration of maternal height growth.
Nitrogen retention was linearly related to protein intake when five different
nitrogen levels (9.3 to 20.0 g of N/d [58 to 125 g of protein/d]) were fed for
12-day periods, and the slope of the relationship was 0.3 (r=0.68, p < 0.001).
The average nitrogen retention (corrected for skin and miscellaneous
nitrogen losses) was 2.4 g/d.

Nitrogen balance studies in pregnant women that account for skin
and miscellaneous losses have shown that nitrogen retention during all
periods of pregnancy is double the theoretical factorial gain (Calloway,
1974; King, 1975; King et al., 1973) and as noted previously (see “Nitrogen
Balance Methods”), at high nitrogen intakes erroneous positive nitrogen
balances have frequently been obtained.
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The rate of protein accretion has also been calculated indirectly from
the increase in whole body potassium. The average potassium deposition,
measured by total body *’potassium counts, was 3.41 mmol/d in the ado-
lescent girls (King et al., 1973), but a review of the literature suggests that
this value may be too high. The results of measurements of total body
potassium during pregnancy from the study of King’s group (1973) and
five other reports are shown in Table 10-15, and yield a weighted mean
value of 2.48 mmol/d from 120 individuals, most of whom were in their
third trimester of pregnancy. To calculate nitrogen deposition, King and
coworkers (1973) used the potassium/nitrogen ratio of 2.15 mmol of
potassium/g of nitrogen as determined by carcass analysis of 21 whole
human infants (Fee and Weil, 1963; Hamilton and Moriarty, 1929; Iob and
Swanson, 1934; Widdowson and Dickerson, 1964). Using this ratio, the
accumulation of 2.48 mmol/d of potassium is equivalent to a nitrogen
deposition of 1.16 g/d (2.48 mmol of potassium,/2.15 mmol of potassium/g
of nitrogen/d) or 7.2 g protein/d using the factor of 6.25 g of protein/g
of nitrogen. This estimates the average amount of protein deposited dur-

TABLE 10-15 Total Body Potassium Content During Pregnancy

Total Body n X Total Body  Average Protein

Potassium Potassium Deposition
Reference n (mmol/d) (mmol/d) (g/d)“
MacGillivray and 6 3.22 19.3 9.4
Buchanan, 1958

King et al., 1973 10 3.41 34.1 9.9
Emerson et al., 1975 5 3.43 17.2 10.0
Pipe et al., 1979 27 1.78 48.1 5.2
Forbes, 1987 50 2.64 132 7.7
Forsum et al., 1988 22 2.13 48.9 6.2
Total 120 297.9

Mean 2.48° 7.2

@ Protein deposition = Total potassium accumulated (mmol/d) + 2.15 (mmol
potassium/g nitrogen) X 6.25.

b Mean total body potassium calculated as the sum of column 3 divided by the total
number of cases (298 + 120) = 2.48).
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ing the third trimester of pregnancy at a total of approximately 670 g of
protein.

Calculation of the amount of dietary protein needed for a deposition
of 7.2 g of protein/d during the third trimester of pregnancy requires a
value for the efficiency of utilization of dietary protein. This was reported
as being about 30 percent in a group of adolescent women in the third
trimester of pregnancy (King et al., 1973). Closer review of the data indi-
cates that for those six adolescents who demonstrated a positive efficiency
at multiple levels of protein intake, the mean of the slope of the positive
nitrogen balances was 0.43 £ 0.21 (median = 0.44). Compared with the
slope for maintenance of adults of 0.47, which was calculated from a much
larger data set (see “Adults Ages 19 Through 50 Years”), it is possible that
the paucity of the data for both infants and during pregnancy has obscured
the true rate of efficiency of deposition. While other physiological changes
occurring in pregnancy appear to enhance nutrient utilization during
periods of increased need (e.g., calcium absorption), it would be surpris-
ing to find that efficiency of protein utilization during pregnancy is dimin-
ished over that of other life stages. However, to ensure adequate intakes,
0.43 was chosen to use based on the six women studied. As calculated in
Table 10-16, the average protein deposition was converted to the amount
of intake needed to provide this level: 7.2 + 0.43 = 16.7 g of protein/d for
accretion during the third trimester.

The protein needed to maintain the new tissue accreted during preg-
nancy must also be added. The increase of body weight during a full-term
pregnancy averages approximately 16 kg, which is the median weight gain
of 4,218 women who had good pregnancy outcomes (Carmichael et al.,
1997). Weight gain during pregnancy is made up of both additional fat
and new lean tissue (including fetus, amniotic fluid, increased plasma
volume, etc.), which has been estimated at 91 percent water (van Raaij et
al., 1988), compared with the expected 73 percent of water in general
nonpregnant lean tissue. The incremental weight gain at the 50th percen-
tile for normal weight individuals with good pregnancy outcomes at the
end of the first trimester is 2.2 kg; for the second trimester, 7.3 kg; and for
the third trimester, 6.5 kg, which totals 16 kg (Carmichael et al., 1997).

The amount of protein to support additional tissue is calculated in
Table 10-16 using a factor of 0.66 g/kg of body weight, the EAR for pro-
tein for adults. While it is recognized that pregnancy lean tissue contains a
greater amount of water, correction for assumed differences in body com-
position have not been made given the lack of actual data delineating
protein maintenance needs in pregnant women. This results in an average
total additional need for protein during the last two trimesters of preg-
nancy of about 21 g/d over prepregnancy requirements.
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Outcome of Food Supplementation Trials. Burke and coworkers (1943)
conducted an observational study of 216 mothers giving birth to single
infants in Boston and found a significant correlation between average daily
protein intake and birth length and birth weight. They concluded that for
practical purposes, a protein intake less than 75 g/d was associated with an
infant who would be short and light in weight. Studies from the Montreal
Diet Dispensary have also shown a relationship between maternal protein-
energy intake and birth weight (Higgins, 1976). This study involved 1,736
low-income pregnant women, 20 years of age or more, whose average
maternal protein and energy intakes at various stages of pregnancy were
68 g and 2,249 kcal/d during pregnancy, and were increased to an average
of 101 g of protein and 2,778 kcal/d by supplementing the mothers with
whole milk and eggs during a subsequent pregnancy. Birth weights were
significantly higher for siblings with supplemented mothers compared with
their older siblings born to the same mothers when they did not receive
the supplementary milk and eggs. These data support the value increased
intake of foods high in protein and energy during pregnancy and the
additional requirements outlined above.

Adolescent Pregnancy. It is well established that both the mother’s pre-
pregnant weight and weight gain during pregnancy are correlated with
the birth weight of the infant (Higgins, 1976; IOM, 1990; Wynn and Wynn,
1979). The problem of adolescent pregnancy is that the mother may still
be completing her growth (Frisancho et al., 1983; Hediger et al., 1990;
Scholl et al., 1990, 1994). In those pregnancies in which the mother’s
growth is not yet completed, it appears that there is competition between
maternal and fetal growth needs (Hediger et al., 1990; Scholl et al., 1990,
1994).

The Montreal Diet Dispensary studied the effect of supplementing
1,203 low-income pregnant adolescents with whole milk and eggs and
compared them with 1,203 pregnant adolescents who did not receive the
additional milk and eggs in their diets (Dubois et al., 1997). The adoles-
cents in the intervention group increased their protein intake from 73 g/d
to approximately 125 g/d in addition to significantly increasing their
energy intake. Participation in the intervention resulted in significantly
increased mean birth weights and reduced the rate of low birth weights by
39 percent (p < 0.001) in adolescent girls, which again is attributed to the
increased consumption of foods rich in protein and energy.

Protein EAR Summary, Pregnancy

Based upon the nitrogen balance study of King and coworkers (1973)
and the estimated average protein deposition during pregnancy based on
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potassium retention in six studies (Table 10-15), the average requirement
for additional protein needed for adult pregnant women at the end of the
trimester during pregnancy in adult women is calculated and given in
Table 10-16. It is composed of two components: the amount needed to
maintain the new pregnant tissue and the amount needed for initial depo-
sition. The amount of protein deposition is corrected for the efficiency of
protein deposition (using the estimate from the slope of 0.43 from the
King and coworkers study [1973], recalculated as described above). Since
little weight gain occurs during the first trimester, it is assumed that
roughly one-third of the total increase in protein deposition during
the 40 weeks of pregnancy (~ 925 g) occurs during the second trimester,
with two-thirds occurring during the third trimester.

As described above, by the end of the third trimester, ~17 g/d is
needed to allow for adequate protein deposition; it can be assumed that
roughly half that amount is needed for growth during the second trimester,
or 8 g/d (Table 10-16). Given the small amount of protein accretion
expected to occur during the first trimester (as demonstrated by Thompson
and Halliday [1992] in protein turnover studies during each trimester),
the need for additional protein is rather low at this stage. Thus no addi-
tional increase in protein requirements is estimated for the first trimester.
Averaging the overall protein needs over the last two trimesters of preg-
nancy, the EAR is set at 21 g/d above protein needs at the prepregnancy
weight. Since this figure includes the protein needs for the additional
tissue deposited, when calculating the amount needed per kilogram of
body weight to use with pregnant women, only the amount needed for
protein deposition is considered. Thus the increased amount on a body-
weight basis is +12.6 g of protein/d + 57 kg (reference woman) = +0.22 g
of protein/kg/d. This is added to the factor for nonpregnant women of 0.66
g of protein/kg/d, and results in an EAR of 0.88 g of protein/kg/d.

Pregnant individuals who were studied ranged from 15 to 19 years of
age (King et al., 1973); however, they were considered mature and physi-
ologically similar to adults, as all but one of the ten young women was 4 to
7 years post-menarche. For adolescents, the additional need for protein
during the second and third trimesters is assumed to be the same as for
adult women.

EAR for Pregnancy
All age groups 0.88 g/kg/d of protein or +21 g/d
of additional protein
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Protein RDA Summary, Pregnancy

The protein RDA for pregnancy is in addition to the RDA for the
nonpregnant woman, which is based on an estimated CV of about 12 per-
cent (see “Protein RDA Summary, Adults 19 Years and Older”). Data for
the variability of protein deposition in the fetus and mother was not avail-
able. The RDA is thus equal to the EAR + 24 percent. Thus the 1.24 multi-
plied by the EAR of +21 g protein/d = 26 g; rounded to the nearest 5 g/d,
the RDA = +25 g/d.

Again, in considering the amount needed per kilogram of body weight,
only that due to protein deposition is considered. The increase in the RDA
is thus +12.6 g/d x 1.24 + 57 kg (reference woman) = +0.27 g protein/kg/
d. This is added to the factor for the RDA for non-pregnant women of 0.8
g protein/kg/d = 1.1 g protein/kg/d.

RDA for Pregnancy
All age groups 1.1 g/kg/d of protein or +25 g/d
of additional protein

Special Considerations

It is well recognized that multiparous pregnancies are associated with
a marked increase in low birth weight and perinatal mortality (Hays and
Smeltzer, 1986). Thus, it is logical to assume that a woman supporting the
growth of twins has higher protein needs than a woman having a singleton
birth. In a study in which the mothers of twins received nutritional inter-
vention (target supplementation was an additional 50 g of protein/d and
1,000 kcal/d) from the 20th week, pregnancy outcome was improved, with
a decrease in the low birth weight rate by 25 percent and the very low birth
weight rate by 50 percent (Dubois et al., 1991). Although this study did
not measure the dietary protein or energy intake of the women bearing
twins, they gained 2 kg more than the controls. No study could be found
that investigated dietary protein intervention in twin pregnancy. On the
basis of these data, it seems prudent to provide women carrying twins with
protein intakes of an additional 50 g/d beginning in the second trimester,
along with sufficient energy to utilize the protein as efficiently as possible.

Lactation
Evidence Considered in Estimating the Average Requirement

The literature on the relationship between nutritional status and lacta-
tion performance is not extensive and suggests that most lactating women,
even those who are undernourished with chronically low body mass index,
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establish adequate lactation (Prentice et al., 1994). While it appears that
the concentration of protein in human milk is not influenced by diet or
body composition even in undernourished mothers (Lonnerdal 1986),
protein intakes of 1 g/kg of body weight/d promoted the conservation of
skeletal muscle in order to maintain good milk production in lactating
mothers (Motil et al., 1996). Lactating women with these protein intakes
appear to adapt by down-regulating protein metabolism (Motil et al.,
1996).

The factorial approach is utilized for determining the protein require-
ment during lactation. In this approach, it is assumed that the process of
lactation does not alter the maintenance protein requirement of the
nonlactating woman and that the protein and amino acid requirements
are increased in proportion to milk production. It is important to empha-
size that human milk is characterized by a relatively high concentration of
nonprotein nitrogenous substances, which contribute approximately 20 to
27 percent of total milk nitrogen (Butte et al., 1984a, 1984b; Dewey et al.,
1996). The quantitatively important component of this fraction of milk is
urea. Whether this merely reflects a diversion of urea loss from urine (plus
some colonic fermentation) to milk is not known, but in the calculations it
is assumed that part of the increased nitrogen needs of the lactating
woman will of necessity be derived from her dietary protein. The factor of
6.25, the figure that is utilized to convert nitrogen to protein, was used to
convert nonprotein nitrogenous substances to protein.

The additional protein requirement for lactation therefore is defined
as the output of total protein and nonprotein nitrogen in milk. Data on
the output of protein in human milk are summarized in Table 10-17. This
table shows the factorial estimate of the increase in protein requirement
associated with lactation and assumes that the incremental efficiency of
nitrogen utilization of 0.47 in adults (Table 10-12) and in adolescents
(data on the efficiency of nitrogen utilization are not available in this age
group) is the same as that noted for the restoration of nitrogen equilib-
rium in nonlactating women and adolescents. It is assumed that the cost of
making protein for maintenance requirements is the same as that for
growth and lactation. Whether this assumption is valid is not known.

Protein EAR Summary, Lactation

To estimate the increase in the EAR for lactation, the average protein
equivalent of human milk nitrogen output during the first six months of
lactation was divided by the average incremental efficiency of dietary pro-
tein utilization (0.47 for lactating mothers 19 years of age and older
[Table 10-12] and 0.47 for mothers 14 through 18 years of age because
data were not available in this age group). The values shown in Table 10-17
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for the various months of lactation were then averaged to set the amount
by which the EAR for nonlactating girls or women should be increased.
The result was +21.2 g/d. When the absolute increase was converted to
weight-specific intakes by using the reference weights of adolescent girls
14 to 18 years (54 kg) and adult women 19 to 50 years (57 kg) from
Chapter 1 (Table 1-1), the numbers were quite close, so the highest value
(that for the 14- to 18-year-old category) is provided as the overall recom-
mendation. Adding the average requirement for additional protein needed
is calculated as +21.2 + 54 kg (reference weight) = +0.39 g of protein/kg/
d. This is added to the recommendation for nonpregnant women of 0.66 g
of protein/kg/d to obtain 1.05 g of protein/kg/d.

EAR for Lactation
All age groups 1.05 g/kg/d of protein or +21 g/d
of additional protein

Protein RDA Summary, Lactation

The RDA for protein for lactation is set by assuming a CV of 12 per-
cent used for total protein in nonlactating women (see “Protein RDA
Summary, Ages 19 Years through 50 Years”). Again, given the closeness of
the values, one value is recommended for all age groups. The recommen-
dations are rounded to the nearest +5 g/d and +0.05 g/kg/d of additional
protein.

The RDA is thus equal to the EAR plus 24 percent. So, 1.24 multiplied
by the EAR of + 21 g of protein/d = +26 g; rounded to the nearest 5 g/d,
the RDA = +25 g/d.

Again, in considering the amount needed per kg of body weight, the
increase in the RDA is calculated as the EAR of +21 g/d x 1.24 + 54 kg
(reference weight) = +0.48 g of protein/kg/d. This is added to the factor
for the RDA for nonpregnant women of 0.8 g of protein/kg/d = 1.3 g of
protein/kg/d (rounded to nearest 0.1g).

RDA for Lactation
All age groups 1.3 g/kg/d of protein or +25 g/d
of additional protein*

4Due to a calculation error in the prepublication copy, the value is changed
from 1.1 g/kg/d to 1.3 g/kg/d.
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Special Considerations

Physical Activity

Although there have been few studies of the requirement for protein
by individuals undertaking high levels of physical exercise, it is commonly
believed by athletes that a higher than normal protein intake is required
to maintain optimum physical performance (Lemon, 1996). Whether or
not this is true has significance not only for athletes, but also for those with
muscle wasting who wish to preserve muscle mass by training, such as
elderly or immobile adults, or those suffering from muscle-wasting dis-
eases. The available literature includes studies of both resistance (body-
building) and endurance training.

Endurance Training. Endurance training does not result in muscle
building, which would increase muscle protein deposition, but it is well
recognized that endurance exercise is accompanied by an increase in the
oxidation of branched chain amino acids (Lemon et al., 1982, 1985;
Rennie et al., 1981; Wagenmakers, 1998; White and Brooks, 1981), which
has been suggested to imply an increased need for dietary protein (Lemon,
1996). However, these were acute studies performed around the time of
the exercise itself, and did not take into account the remaining part of the
day. An examination of leucine oxidation over a 24-hour period, including
exercise during each of the fed and fasting periods, showed that the increase
in oxidation, although statistically significant, was small in relation to the
total daily amount of oxidation (4 to 7 percent) (El-Khoury et al., 1997).
Moreover, the increase in leucine oxidation was proportionally similar with
diets containing 1 or 2.5 g/kg/d fed over 7 days prior to the measurement
of oxidation during exercise on day 7 (Forslund et al., 1998). Neither
leucine nor nitrogen balance was significantly negative, suggesting that
the exercise did not compromise body protein homeostasis at either level
of protein intake. Although no control group without exercise was studied,
the results were similar to those reported previously from individuals at an
intake of 1 g/kg/d of protein undergoing the same experimental proce-
dures without exercise (El-Khoury et al., 1994b). Similarly, a study designed
to determine the protein requirement of endurance-trained men led to an
average requirement estimate in young and older men of 0.94 g/kg/d
(Meredith et al., 1989). This value is higher than that derived from the
meta-analysis of data from nonexercising individuals (see “Protein EAR
Summary, Ages 19 Through 50 Years”). However, as no controls without
exercise were included in the study, it is not possible to conclude that the
exercise led to a higher protein requirement.
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Resistance Training. The effects of resistance training on nitrogen bal-
ance have been investigated in older adults (8 men and 4 women, aged 56
to 80 years) at one of two levels of protein intake, 0.8 or 1.6 g/kg/d
(Campbell et al., 1995). Before training began, the mean corrected nitro-
gen balance was not significantly different from zero in the three men and
three women receiving the lower protein intake, and was positive in the
five men and one woman receiving the higher intake, suggesting a require-
ment about 0.8 g/kg/d. However, after 12 weeks of resistance training,
nitrogen balance became more positive by a similar amount at the two
intakes, which the authors suggested was the result of an increased effi-
ciency of protein retention that was more pronounced in those on the
lower protein diet as a percent of protein intake. In particular, the improve-
ment in nitrogen balance was independent of the protein intake. However,
various aspects of body composition, as well as mid-thigh composition and
areas of Type I and II muscle fibers, did not change with resistance train-
ing, making the increase in nitrogen retention difficult to interpret.

A similar study was performed by Lemon and coworkers (1992), which
compared protein intakes of 1.35 and 2.62 g/kg/d during the first 12 weeks
of resistance training in young male strength athletes. Linear interpolation
of the nitrogen balances (-3.4 and +8.9 g/d) suggested a protein require-
ment of 1.4 to 1.5 g/kg/d. However, this estimate of requirement cannot
be taken as realistic, because the positive nitrogen balance of 8.9 g/d
would correspond to an increase of lean tissue of about 300 g/d. Measure-
ments of body composition showed no changes in lean body mass, creatinine
excretion, or biceps muscle nitrogen content in either dietary group. In
addition, although there were increases in some measurements of strength,
there was no effect attributable to diet. Therefore, the available data do
not support the conclusion that the protein requirement for resistance
training individuals is greater than that of nonexercising subjects.

Summary. In view of the lack of compelling evidence to the contrary,
no additional dietary protein is suggested for healthy adults undertaking
resistance or endurance exercise.

Vegetarians

In North America, plant proteins (e.g., those found in cereals, pulses,
nuts, starchy roots, vegetables, fruits) account for only about 65 percent of
the available food protein per capita (FAO/Agrostat, 1991). Individuals
who restrict their diet to plant foods may be at risk of not getting adequate
amounts of certain indispensable amino acids because the concentration
of lysine, sulfur amino acids, and threonine are sometimes lower in plant

food proteins than in animal food proteins (FAO/WHO/UNU, 1985).
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However, vegetarian diets that include complementary mixtures of plant
proteins can provide the same quality of protein (see “Protein Quality”) as
that from animal proteins (Young and Pellett, 1994). Plant proteins are
generally less digestible than animal proteins; however, digestibility can be
altered through processing and preparation. Therefore, consuming a
varied diet ensures an adequate intake of protein for vegetarians.

Adult vegetarians consume less protein in their diet than non-
vegetarians (Alexander et al., 1994; Ball and Bartlett, 1999; Barr and
Broughton, 2000; Haddad et al., 1999; Janelle and Barr, 1995). However,
only one of these studies indicated that total protein intakes of 10 of the
25 vegan women were potentially inadequate (Haddad et al., 1999). As was
shown in Table 10-13, the nitrogen requirement for adults based on high-
quality plant food proteins as determined by regression analysis was not
significantly different than the requirement based on animal protein or
protein from a mixed diet. In conclusion, available evidence does not
support recommending a separate protein requirement for vegetarians
who consume complementary mixtures of plant proteins.

FINDINGS BY LIFE STAGE AND GENDER GROUP FOR
INDISPENSABLE AMINO ACIDS

The original technique used to determine amino acid requirements in
individuals studied with graded levels of intake of the test amino acid was
nitrogen balance (see “Nitrogen Balance Method”). Several new methods
have been developed and applied in the last few decades. However,
nitrogen balance could not be applied to histidine since individuals take
56 days or more to go into negative nitrogen balance on a low histidine or
histidine-free diet (Cho et al., 1984), and there haven’t been any useful
studies on isoleucine, using either nitrogen balance or any of the newer
methods.

The amino acid requirements thus developed are used as the basis for
recommended protein scoring patterns discussed in a subsequent section.

Infants Ages O Through 6 Months

Method Used to Estimate the Adequate Intake

Human milk is recognized as the optimal source of nutrients for
infants throughout at least the first year of life and is recommended as the
sole nutritional source for infants during the first 4 to 6 months of life
(IOM, 1991). Further, there are no reports of healthy full-term infants
exclusively and freely fed human milk who manifest any sign of amino acid
or protein deficiency (Heinig et al., 1993). Therefore, determination of
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the adequate intake (AI) for amino acids for infants is based on data from
infants fed human milk as the principal source of nutrients during the
periods 0 through 6 months of age. The Al is set for ages 0 through 6 months
at the mean value of each indispensable amino acid calculated from studies
in which the intake of human milk was measured by test weighing volume,
and the average concentration of the amino acid in human milk was deter-
mined using average values from several reported studies.

Four recent studies on the indispensable amino acid composition of
human milk and their mean are shown in Table 10-18. The indispensable
amino acid intake on a mg/L basis was calculated from the mean of the
amino acid composition of mixed human milk proteins expressed as
mg amino acid/g protein (Table 10-18) times the average protein content
of human milk of 11.9 g/L from mothers whose infants were 0 through
6 months as assessed by Butte and coworkers (1984a), Dewey and Lonnerdal
(1983), Dewey and coworkers (1984), and Nommsen and coworkers (1991)
and is in the range of protein content reported in other studies in
Table 10-7.

Indispensable Amino Acids AI Summary, Ages O Through 6 Months

The Al for infants 0 through 6 months of age is based on the average
volume of milk intake of 0.78 L/d (Allen et al., 1991; Heinig et al., 1993),
and the mean indispensable amino acid content of human milk
(Table 10-18). Multiplying the mean concentration of histidine (274 mg/L),
for example, by the average intake of human milk at 0 through 6 months,
the Al would be 274 g/1.x 0.78 L/d = 214 mg/d. This process was repeated
for all the indispensable amino acids. As with the Al for protein, the Als
(which remain essentially the same from 2 weeks to 6 months of age) were
converted to weight specific intakes by using the reference weight of 6 kg
from Table 1-1.

Al for Infants

0—6 months 214 mg/d or 36 mg/kg/d of histidine
529 mg/d or 88 mg/kg/d of isoleucine
938 mg/d or 156 mg/kg/d of leucine
640 mg/d or 107 mg/kg/d of lysine
353 mg/d or 59 mg/kg/d of methionine + cysteine
807 mg/d or 135 mg/kg/d of phenylalanine + tyrosine
436 mg/d or 73 mg/kg/d of threonine
167 mg/d or 28 mg/kg/d of tryptophan
519 mg/d or 87 mg/kg/d of valine
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TABLE 10-18 Amino Acid Content of Human Milk

Heine et al. Davis et al. Villalpando et al.
(1991) (1994)¢ (1998)¢
Amino Acid (mg/g protein) (mg/g protein) (mg/g protein)
n Not given 6 70
Stage of Not given >10d ppd 4 or 6 mo pp
lactation
Histidine 23 23 + 2 21+ 2
Isoleucine 58 53+ 3 64+ 11
Leucine 101 104 £ 1 105 £ 11
Lysine 62 71+£6 79+9
Methionine 18 16 £1 14 £ 3
Cysteine 17 20 £ 3 26 + 3
Phenylalanine 44 37+1 43 £ 15
Tyrosine 47 46 £ 2 58 £ 9
Threonine 46 44+ 1 47+ 5
Tryptophan 18 ND? 17+ 2
Valine 60 51+ 2 63+ 8

@Mean + Standard Deviation.
bMean * Standard Error.

Children Ages 7 Months Through 18 Years
Evidence Considered in Estimated the Average Requirement

Nitrogen Balance. The only data derived directly from experiments to
determine the indispensable amino acids requirements of children have
been obtained by studying nitrogen balance. Pineda and coworkers (1981)
conducted nitrogen balance studies in 42 Guatemalan children ranging in
age from 21 to 27 months. The children were considered to be in
nitrogen balance if all children retained nitrogen in the amount of at
least 16 mg/kg/d, the nitrogen requirement for growth in children in this
age range derived by FAO/WHO (1973) when given a diet lacking one
indispensable amino acid with all other indispensable amino acids at levels
considered to be adequate. Their mean amino acid estimates were reported
to be: lysine, 66 mg/kg/d; threonine, 37 to 53 mg/kg/d; tryptophan,
13 mg/kg/d; methionine + cysteine, 28 mg/kg/d; isoleucine, 32 mg/kg/d;
and valine, 39 mg/kg/d. Unfortunately, with the exception of lysine, no
estimates of variance were published.
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Darragh and

Moughan

(1998)° Mean Mean®
(mg/g protein) (mg/g protein) (mg/L)
20

10-14 wk pp

24 + 2 23 274
52 + 4 57 678
94 £5 101 1,202
64 + 4 69 821
14+ 1 16 190
27+ 3 22 262
38+9 40 476
38+ 2 47 559
509 47 559
ND¢ 18 214
51£5H 56 666

¢Mean (mg/g total protein) X 11.9 g protein/L of human milk.
d pp = Postpartum.
¢ND = Not determined.

For older children, the only data are those published by Nakagawa
and coworkers in the 1960s (1961a, 1961b, 1962, 1963, 1964) on Japanese
boys 10 to 12 years of age. Although these data seem to be accurate as
there was uniformly negative nitrogen balance when the test amino acid
was at zero, the maximum rate of nitrogen retention found when the
amino acids were given in adequate quantities was 33 = 14 mg/kg/d. This
is approximately 5-fold higher than that predicted for 11-year-old boys,
7.7 mg/kg/d, as calculated from estimates of the protein deposition for
boys this age (48 mg of protein/kg/d + 6.25 mg of protein/mg of nitrogen,
from Table 10-9). Thus, it is likely that the values generated in this series
of studies are overestimates of the actual requirement. Similar problems of
interpreting nitrogen balance studies are apparent in the data for infants
aged 0 to 6 months from a number of detailed studies in which infants
were given multiple levels of amino acids (Pratt et al., 1955; Snyderman et
al., 1955, 1959a, 1959b, 1961a, 1961b, 1963, 1964a, 1964b;). With these
studies also, the measured nitrogen balance was higher than what would
be expected from the growth rates observed or estimated.

An attempt was made to reanalyze the data from these studies in order
to obtain estimates of the mean requirement and its interindividual vari-
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ance. Nonlinear regression analysis was used to fit the data for nitrogen
balance versus amino acid intake to various curves, such as exponential,
sigmoid, and bilinear crossover, in order to detect an approach to an
asymptote or a breakpoint that could be equated with a requirement. How-
ever, these attempts did not lead to interpretable results, which proved to
be too sensitive to the specific criteria employed to define the point on the
curve that would identify a requirement.

In view of the reservations expressed above, the data from nitrogen
balance studies in children were not utilized. Instead, the factorial approach
was employed for children from 7 months through 18 years of age.

Factorial Estimate. In view of the doubts about the accuracy of the
values generated by the empirical data, the factorial approach using data
for growth (and its amino acid composition) and maintenance was utilized
to determine requirements. In this model, the growth component was
estimated from estimates of the rate of protein deposition at different
ages (Table 10-9), the amino acid composition of whole body protein
(Table 10-19), and incremental efficiency of protein utilization as derived
from the studies in Table 10-8.

The obligatory need for protein deposition (growth) was calculated as
the product of the rate of protein deposition (Table 10-9) and the amino
acid composition of whole body protein (Table 10-19). This was then con-
verted to a dietary requirement for protein deposition by dividing the
need by the incremental efficiency of dietary protein utilization, which is
estimated by the average slope of the regression analyses evaluating the
protein requirement from studies done in children 7 months through

TABLE 10-19 Indispensable Amino Acid Composition of
Whole Body Protein

mg/g Protein £ 1 Standard Deviation

Amino Acid (from interspecies comparison)
Histidine 27 £ 2

Isoleucine 35+3

Leucine 75 £ 2

Lysine 73+ 3

Methionine + cysteine 351

Phenylalanine + tyrosine 73+ 4

Threonine 42+ 3

Tryptophan 12 (no extensive data)

Valine 49 = 4

SOURCE: Davis et al. (1994).
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13 years (0.58) from Table 10-8 and in children 14 through 18 years (0.47)
from Table 10-12.

It is also necessary to determine a maintenance amino acid require-
ment since by 7 months of age, the dietary requirement necessary to main-
tain the body in nitrogen equilibrium accounts for more than 50 percent
of the total indispensable amino acid requirement. This was determined
in three ways.

First, estimates of the amino acid requirements needed for mainte-
nance were calculated based on estimates of the obligatory nitrogen loss,
which is the total rate of loss of nitrogen by all routes (urine, feces, and
miscellaneous) in children receiving a protein-free or very low protein
intake. Assuming that each individual amino acid contributed to this loss
in proportion to its content in body protein, and that this represents the
minimal rate of loss for this amino acid, the amount of this amino acid
that must be given to replace the loss and achieve nitrogen balance is
taken as the maintenance requirement when corrected for the efficiency
of nitrogen utilization. Thus, the lysine requirement for maintenance for
children 7 months through 13 years of age is calculated by multiplying the
obligatory nitrogen loss of 57.4 mg/kg/d (mean intercept from Table 10-8),
which is equivalent to 359 mg of protein/kg/d (57.4 X 6.25), by the esti-
mate of the proportion of lysine in body protein of 0.073 (Table 10-19), to
yield a value for lysine of 26.2 mg/kg/d (i.e., 359 mg/kg/d x 0.073). Then
this is divided by the slope of the regression line of protein intake versus
nitrogen balance, which represents the efficiency protein utilization of
0.58 (Table 10-8) for children to yield a value of 45 mg/kg/d (i.e.,
26.2 mg/kg/d divided by 0.58) for the lysine maintenance requirement.
The calculated values for each indispensable amino acid are shown in
Table 10-20.

A second method for estimating maintenance requirements is to
assume that at nitrogen equilibrium, the relative requirement of each
indispensable amino acid is in proportion to its contribution to body
protein. Thus, the maintenance protein requirement of 688 mg/kg/d
(110 mg of N/kg/d for children through age 13 in Table 10-8 X 6.25) can
be converted into requirements for individual amino acids by multiplying
the maintenance protein requirement by the proportional contribution of
the amino acid to body protein (Table 10-19). This method is mathemati-
cally equivalent to the method described above, but because the values for
obligatory loss and maintenance protein requirement were taken from the
regression of protein intake against nitrogen balance, for statistical reasons
they give slightly different results, and both are given in the Table 10-20.

Since it was noted that the maintenance nitrogen requirement of
110 mg/kg/d (Table 10-8) does not vary with age in children, and the
value in children is very similar to that found for adults of 105 mg/kg/d
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(Table 10-12), the values for maintenance amino acid requirements were
taken to be independent of age in subsequent calculations. However, for
adults, who are by definition at maintenance, direct measurements of the
estimated average requirement (EAR) for each amino acid have been
determined (see “Adults Ages 19 Years and Older”), and are shown in
Table 10-20 for comparison with the factorially derived estimates. For all
amino acids for adults, the EAR as derived from direct measurements is
lower than the factorial approach by a factor of 1.3 to 2.0, depending on
the amino acid. This difference is predictable because of the imperfec-
tions in the factorial approach. It is likely that the obligatory loss of one
amino acid is higher than that for other amino acids in relation to their
content in body protein. If this loss cannot be reduced further under basal
conditions, then this amino acid will determine the obligatory loss for all
other amino acids, which can no longer be used for anabolic processes. In
theory, this “limiting” amino acid should be identified as having the lowest
ratio between the requirement estimates from maintenance and by direct
measurement, which is isoleucine in this report (Table 10-20). However,
this is the amino acid with no direct measurements of requirement, as the
adult EAR was estimated from its content in egg protein in relation to the
other branched chain amino acids.

The important conclusion from the above discussion is that the cal-
culation of the maintenance requirement in adults from the obligatory
nitrogen loss gives values in adults that are in general higher than the
measured values, and therefore appear to overestimate true maintenance.
Moreover, as the maintenance protein requirement is estimated to be the
same per kilogram of body weight in adults and children, it is reasonable
to conclude that the amino acid values for maintenance needs derived
from the obligatory nitrogen loss are likely to be overestimates in children
as well as in adults. Therefore, in the factorial calculations to estimate total
requirements for indispensable amino acid needs in children, the mainte-
nance requirements for the individual amino acids are those derived on a
weight basis from direct measurements or the EAR in adults (Table 10-20).

Indispensable Amino Acid EAR and RDA Summary, Ages 7 Months
Through 18 Years

To calculate a factorial estimate of the EAR for individual indispens-
able amino acids, the amino acid needs for growth or protein deposition
are first calculated as the product of the average rate of protein deposition
(Table 10-9) and the average amino acid composition of body protein
(Table 10-19). Thus, for a 9- through 12-month-old infant depositing on
average 242 mg of protein/kg/d (Table 10-9, average of 232 mg/kg/d for
girls and 252 mg/kg/d for boys), the obligatory need for lysine (amino
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acid deposition) is 242 x 0.073 (Table 10-19) = 17.7 mg/kg/d. This is then
divided by the partial efficiency of protein deposition (0.58 as shown in
Table 10-8 for children aged 7 months through 13 years and 0.47 for
children aged 14 through 18 years [see “Adolescents, Ages 14 Through
18 Years”]) to yield a value of 30 mg/kg/d for protein deposition. (The
same result would be achieved by multiplying the amino acid deposition
figure by 1.72 [reciprocal of 0.58] or 2.13 [reciprocal of 0.47] as indicated
in Table 10-21.) This value is then added to the estimated maintenance
requirement, which is the same as the EAR in adults on a body weight basis
(31 mg/kg/d in Tables 10-20 and 10-21). This gives an EAR for the 9- through
12-month-old infant of 62 mg of lysine/kg/d. In the same way, the EARs
for each of the indispensable amino acids at different age groups were
calculated and the results are shown in Table 10-21.

The RDA for the indispensable amino acids for children is set by
determining the coefficients of variation for maintenance and for protein
deposition. Since the maintenance requirement in adults was utilized, the
estimate of the coefficient of variation in adults (12 percent) (see “Protein
RDA Summary, Ages 19 Through 50 Years”) was also utilized to determine
the RDA for maintenance requirements for children. A coefficient of varia-
tion of 43 percent for protein deposition was determined in the study of
Butte and coworkers (2000), and this varied little with age and gender.
Therefore, this value was used for variation in growth for all ages. Since
the RDA is defined as equal to the EAR plus twice the CV to cover the
needs of 97 to 98 percent of the individuals in the group, the protein RDA
is equal to the EAR + 2 X square root [(0.12 X Maintenance)? + (0.43 x 1.72
for children 7 mo-13 y or 2.13 for children 14-18 y x Protein Deposition)?].
The RDAs for each indispensable amino acid for each age group are shown
in Table 10-21.

Adults Ages 19 Years and Older

Evidence Considered in Estimating the Average Requirement

Several different indicators have been used to determine indispensable
amino acid requirements, which include nitrogen balance (N-balance),
plasma amino acid concentrations, direct amino acid oxidation (DAAO),
24-hour amino acid balance (AAB), and indicator amino acid oxidation
(IAAO). An explanation of each of these indicators is found in the section,
“Selection of Indicators for Estimating the Requirement for Individual
Amino Acids.” In general, the latter three methods, which depend on
amino acid kinetic measurements, give higher values for amino acid
requirements than do the (classical) nitrogen balance studies.
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Resolution of a Controversy. All of the above five methods are based on
measuring a change in the particular endpoint in response to graded levels
of the test amino acid. A key observation regarding nitrogen balance as an
endpoint is that there is a curvilinear relationship between nitrogen balance
and test amino acid intake, so that nitrogen retention (nitrogen balance)
becomes less efficient as zero balance is approached (Figure 10-7) (Rand
and Young, 1999). Furthermore, the earlier work did not include miscella-
neous losses in their nitrogen balances. Finally, most studies did not
attempt to consider the effect of between-individual variance.

Only two studies were found in which several individuals were studied
at four or more different levels of intake of the test amino acid (Jones et
al., 1956; Reynolds et al., 1958). Rand and Young (1999) reanalyzed the
lysine data of Jones et al. (1956) using regression techniques and found
that curvilinear models best fit the data (Figure 10-7). They also examined
the effect of adding either 5 or 8 mg/kg/d of miscellaneous nitrogen
losses. Whereas Jones and coworkers (1956) had concluded, based on their
data, that the lysine requirement was 8 mg/kg/d, the reanalysis by Rand
and Young (1999) came to the conclusion that the lysine requirement was
in the range of 17 to 36 mg/kg/d, and that the data strongly support a
requirement of about 30 mg/kg/d. As shown in Table 10-22, this require-
ment approximates values derived from DAAO (Meredith et al., 1986), is
similar to values derived from 24-hour amino acid balances (Kurpad et al.,
2001a, 2002b), and is comparable to values derived from two IAAO studies
(Kriengsinyos et al., 2002; Zello et al., 1993).

It is important to note that in growing animals, nitrogen balance and
TAAO give comparable values (Zello et al., 1995) as do DAAO and TAAO.
All three approaches are based on different assumptions. The reanalysis of
the Jones et al. (1956) data by Rand and Young (1999) using nonlinear
regression and including miscellaneous losses, has closed the apparent
gap between nitrogen balance and the amino acid oxidation techniques.

Twenty-four Hour Amino Acid Balance. As shown in Table 10-22, 24-hour
amino acid balance studies have been completed for four amino acids:
leucine (ElI-Khoury et al., 1994a; Kurpad et al., 2001b), lysine (Kurpad et
al., 2001a, 2002a), phenylalanine + tyrosine (Basile-Filho et al., 1998), and
most recently threonine (Borgonha et al., 2002; Kurpad et al., 2002b). Of
the studies, lysine (Kurpad et al., 2001a, 2002a) and threonine (Borgonha
etal., 2002; Kurpad et al., 2002b) employed the 24-hour indicator balance
method. Furthermore, the initial 24-hour balance study for leucine (EI-
Khoury et al., 1994b) also included measurement of urea production as
further support for the leucine requirement estimate obtained from DAAO
(Meguid et al., 1986a). Similarly, the 24-hour lysine balance data lend
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Observed Balance (mg N/kg/d)
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FIGURE 10-7 Relationship between nitrogen balance and test amino acid intake
using four different one-fit regression equations: linear (A), square root (B), log
(C), and exponential asymptotic (D), superimposed on the original data. Reprint-
ed, with permission, from Rand and Young (1999). Copyright 1999 by the Ameri-
can Society for Nutritional Sciences.

support to the lysine DAAO estimate (Kurpad et al., 2001a; Meredith et
al., 1986).

The 24-hour balance model is regarded as being the best from a
theoretical point of view, especially when performed with the indicator
approach. However, from a practical point of view, the 24-hour amino acid
balance studies are very labor intensive with the result that only three or
four levels of intake of the test amino acid have been studied for each of
leucine, lysine, phenylalanine + tyrosine, and threonine.

Direct Amino Acid Oxidation. The DAAO method has been utilized to
investigate six or seven amino acid levels, so it was possible to reanalyze
these data using two-phase linear crossover regression analysis and define
a breakpoint (which is regarded as the EAR). DAAO can only be used if
the carboxyl group of the test amino acid is released to the body bicarbonate
pool when the amino acid is committed to degradation. As shown in
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TABLE 10-22 Indispensable Amino Acid Studies in Adults

Estimated
Method Used? Average
(Number of Levels/ Requirement
Reference Amino Acid Number of Data Points) (mg/kg/d)
Meguid et al., 1986a Leucine DAAO reanalyzed (8/52) 24.5
El-Khoury et al., 1994a  Leucine 24-h AAB (3/10) 38.3
Kurpad et al., 2001b Leucine 24-h AAB (4/40) 40
Meredith et al., 1986 Lysine DAAO reanalyzed (8/28)  26.6
Zello et al., 1993 Lysine TAAO (7/42) 36.9
Rand and Young, 1999  Lysine N-Balance reanalyzed 30
(8/b3)
Kurpad et al., 2001a Lysine 24-h TIAAB (4/32) 29
Kriengsinyos et al., Lysine IAAO (5/60) 35
2002
Kurpad et al., 2002a Lysine 24-h TIAAB (4/36) 29
Reynolds et al., 1958 Methionine N-balance reanalyzed 20
+ cysteine (6/42)
Young et al., 1991 Methionine Methionine balance (1/5) 13
+ cysteine
Di Buono et al., 2001 Methionine TAAO (6/36) 12.6
+ cysteine
Zello et al., 1990 Phenylalanine DAAO (7/41) 9.1
Roberts et al., 2001 Tyrosine TAAO (7/42) 6.0
Phenylalanine 15.1
+ tyrosine
Basile-Filho et al., Phenylalanine 24-h AAB 39.0
1998 + tyrosine
Zhao et al., 1986 Threonine DAAO reanalyzed (7/33) 13.5
Wilson et al., 2000 Threonine TAAO (7/36) 19.0
Borgonha et al., 2002 Threonine 24-h TAAB (3/15) 15.0
Kurpad et al., 2002b Threonine 24-h TAAB (6/48) 15.0
Lazaris-Brunner et al., Tryptophan TAAO (8/36) 4.0
1998
Meguid et al., 1986b Valine DAAO reanalyzed (7/37) 19.2

@ AAB = amino acid balance, DAAO = direct amino acid oxidation, JAAB = indicator
amino acid balance and oxidation, IAAO = indicator amino acid oxidation.

Table 10-22, DAAO studies of indispensable amino acid requirements are
limited to leucine (Meguid et al., 1986a), lysine (Meredith et al., 1986),
phenylalanine (Zello et al., 1990), and valine (Meguid et al., 1986b).
DAAO was also utilized to determine the threonine requirement (Zhao et
al., 1986). However there are theoretical concerns for this amino acid,
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since there are two pathways of degradation for threonine; the second
pathway, threonine dehydrogenase (TDG), ends in the label being
retained in glycine. In practical terms this may not be a serious error since
others have shown that the TDG pathway is a minor pathway in adults
(Darling et al., 2000).

Indicator Amino Acid Oxidation. IAAO has the advantage that the require-
ment of any amino acid can be determined, since either phenylalanine (in
the presence of an excess of tyrosine to ensure that there is no label
retention in the body tyrosine pools) or lysine can and have been used as
indicator amino acids in humans and in animals (Bross et al., 2000;
Brunton et al., 1998; Zello et al., 1995). A further strength of the IAAO
studies is that each adult was fed at six or seven levels of the test amino
acid, which has made it possible to define requirements for individuals by
two-phase, linear cross-over regression analysis (Brunton et al., 1998; Zello
etal., 1995). As shown in Table 10-22, IAAO estimates have been reported
for lysine (Kriengsinyos et al., 2002; Zello et al., 1993), methionine + cysteine
(Di Buono et al., 2001), tyrosine (Roberts et al., 2001), threonine (Wilson
etal.,, 2000), and tryptophan (Lazaris-Brunner et al., 1998).

As shown in Table 10-22, currently there are amino acid oxidation
estimates in which two-phase linear crossover regression analysis has been
performed for leucine (DAAO), lysine (both DAAO and IAAO), methionine
+ cysteine (IAAO), phenylalanine (DAAO), tyrosine (IAAO), threonine
(both DAAO and IAAO), tryptophan (IAAO), and valine (DAAO).

Other Indicators. Nonlinear regression was used on two sets of nitrogen
balance data as shown by Rand and Young (1999). The first was for lysine
in which the original data were in women, each of whom were studied at
two to five levels (Jones et al., 1956). This data set was reanalyzed using
nonlinear regression, including the addition of 5 or 8 mg of nitrogen/kg/d
as miscellaneous losses (Rand and Young, 1999), and these reanalyzed
data are included in Table 10-22. Using a similar approach, the data of
Reynolds and coworkers (1958) for methionine + cysteine were reanalyzed,
and these data are included in Table 10-22. The result is consistent with
the data of Zezulka and Calloway (1976a, 1976b), who studied the effect
on nitrogen balance of three levels of methionine added to soy protein at
a constant and adequate level of total nitrogen. Since there are no direct
estimates of the isoleucine requirement, it is estimated from the leucine
and valine estimates. The isoleucine requirement was therefore calculated
by multiplying the isoleucine requirement calculated from the protein
requirement (Table 10-20) by 1.55, the average of the ratios for leucine
and valine. Similarly, the requirement for histidine, for which there have
also been no direct determinations, is calculated from the protein require-
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ment (Table 10-20) multiplied by 1.7, the average ratio for all amino acids
in Table 10-19.

Indispensable Amino Acid EAR Summary, Ages 19 Years and Older

An EAR was derived for each of the indispensable amino acids from
the data in Table 10-22. Where more than one EAR was given for an amino
acid in Table 10-22, the values were averaged and rounded to the nearest
whole number. This approach is weakest with the phenylalanine + tyrosine
requirements where there is a large range—from 15.1 to 39 mg/kg/d
giving an average value of 27 mg/kg/d. Lysine is the indispensable amino
acid with the most estimates (six in all), with the EAR varying from 26.6 to
36.9 mg/kg/d for an average value of 31 mg/kg/d. Given the very few
studies available, separate requirements could not be determined for women
versus men, or for young and older adults.

EAR for Adults
19 years and older 11 mg/kg/d of histidine
15 mg/kg/d of isoleucine
34 mg/kg/d of leucine
31 mg/kg/d of lysine
15 mg/kg/d of methionine + cysteine
27 mg/kg/d of phenylalanine + tyrosine
16 mg/kg/d of threonine
4 mg/kg/d of tryptophan
19 mg/kg/d of valine

Indispensable Amino Acid RDA Summary, Ages 19 Years and Older

With protein (see “Protein RDA Summary, Ages 19 Through 50
Years”), because the distribution of individual requirements for protein is
not a normal distribution and is skewed, its calculated standard deviation
and coefficient of variation do not have the usual intuitive meaning (the
mean plus two standard deviations exceeding all but about 2.5 percent of
the population’s requirement). However, an approximate standard devia-
tion was calculated as half of the distance from the 16th to the 84th per-
centile of the protein requirement distribution as estimated from the log
normal distribution of requirements. This gives, for comparative purposes,
an approximate standard deviation of 12.5 mg N/kg/d (a CV = 12 per-
cent). Given the paucity of data, it is assumed that for amino acids a simi-
lar deviation should be used; thus the RDA = EAR + 2 CV for amino acids
as well as for protein, or RDA = 1.24 X EAR. The calculated RDA is rounded
to the nearest whole number.
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RDA for Adults
19 years and older 14 mg/kg/d of histidine
19 mg/kg/d of isoleucine
42 mg/kg/d of leucine
38 mg/kg/d of lysine

19 mg/kg/d of methionine + cysteine
33 mg/kg/d of phenylalanine + tyrosine
20 mg/kg/d of threonine

5 mg/kg/d of tryptophan

4 mg/kg/d of valine

Pregnancy
Method Used to Estimate the Average Requirement

There are essentially no data with regard to amino acid requirements
during pregnancy, so it is generally assumed that indispensable amino
acid needs increase in proportion to the increased protein needs during
pregnancy. Since the pregnancy EAR for total protein is 0.88 g/kg/d for
women, the amino acid EARs for nonpregnant women were multiplied by
1.33 and rounded to the nearest whole number.

Amino Acid EAR and RDA Summary, Pregnancy

EAR for Pregnancy
For all ages 15 mg/kg/d of histidine
20 mg/kg/d of isoleucine
45 mg/kg/d of leucine

41 mg/kg/d of lysine
20 mg/kg/d of methionine + cysteine
36 mg/kg/d of phenylalanine + tyrosine
21 mg/kg/d of threonine

5 mg/kg/d of tryptophan
25 mg/kg/d of valine

The RDA for amino acids for pregnancy is set by increasing the EAR by the
variation in protein derived for adults ages 19 years and older (1.24 X EAR)
and rounded to nearest whole number.
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RDA for Pregnancy
For all ages 18 mg/kg/d of histidine
25 mg/kg/d of isoleucine
56 mg/kg/d of leucine

51 mg/kg/d of lysine
25 mg/kg/d of methionine + cysteine
44 mg/kg/d of phenylalanine + tyrosine
26 mg/kg/d of threonine

7 mg/kg/d of tryptophan
31 mg/kg/d of valine

Lactation

Method Used to Estimate the Average Requirement

There are essentially no data with regard to amino acid requirements
during lactation, so it is generally assumed that indispensable amino acid
needs will increase over the nonlactating needs by the amount of amino
acids found in human milk (Table 10-18).

To estimate the EAR for amino acids for lactation, the average amounts
of amino acids in human milk during the first 6 months of lactation
expressed as mg/kg/d based on the reference weight of the adult woman
in Table 1-1 (see “Al for Infants 0—6 Months”), are added to the EAR for
amino acids for the nonlactating woman, expressed as mg/kg/d (see
sections “Amino Acids EAR and RDA Summary, Ages 7 Months Through
18 Years” and “Amino Acids EAR and RDA Summary, Ages 19 Years and
Older”). The calculated EARs in mg/kg body weight/d are rounded to
the nearest whole number.

Amino Acid EAR and RDA Summary, Lactation

EAR for Lactation
For all ages 15 mg/kg/d of histidine
24 mg/kg/d of isoleucine
50 mg/kg/d of leucine
42 mg/kg/d of lysine

21 mg/kg/d of methionine + cysteine
41 mg/kg/d of phenylalanine + tyrosine
24 mg/kg/d of threonine

7 mg/kg/d of tryptophan
28 mg/kg/d of valine
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The RDA for amino acids for lactation is set by assuming the same
(CV) as that for total protein for lactation, 12 percent. The RDA is defined
as the EAR plus twice the assumed CV to cover the needs of 97 to 98 percent
of the individuals in the group. Therefore, for amino acids the RDA is
124 percent of the EAR for adolescents and adults. The calculated RDA in
mg/kg of body weight/d is rounded.

RDA for Lactation
For all ages 19 mg/kg/d of histidine
30 mg/kg/d of isoleucine
62 mg/kg/d of leucine
52 mg/kg/d of lysine

26 mg/kg/d of methionine + cysteine
51 mg/kg/d of phenylalanine + tyrosine
30 mg/kg/d of threonine

9 mg/kg/d of tryptophan
35 mg/kg/d of valine

INTAKE OF TOTAL PROTEIN AND AMINO ACIDS

Protein Quality

Different sources of protein vary widely in their chemical composition
as well as in their nutritional value. The quality of a source of protein (or
more specifically the source of nitrogen, since dietary protein is generally
measured analytically in terms of nitrogen) is an expression of its ability to
provide the nitrogen and amino acid requirements for growth, mainte-
nance, and repair. In practice, protein quality is principally determined by
two factors: digestibility and the amino acid composition of the protein in
question. In food as opposed to relatively pure protein, the contribution
of all of the indispensable amino acids to the total nitrogen content of the
food has to be considered in assessing the overall protein quality of the diet.

Digestibility

Nitrogen is excreted in the feces in amounts that usually vary between
10 and 25 percent of the nitrogen intake. As mentioned earlier, only a
part of this is derived directly from dietary nitrogen that was not absorbed;
the other parts result from protein and other secretions into the gastro-
intestinal tract during the process of digestion and from nitrogen con-
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tained in fecal bacteria. The unabsorbed part represents mainly proteins
that, by reason of their physical characteristics or chemical composition,
are resistant to breakdown by the proteolytic digestive enzymes. There is
probably a variable contribution of nitrogen contained in other non-
absorbable components, such as amino sugars and other nitrogen-
containing materials found in cell walls.

On the other hand, the secretions consist of specific proteins, such as
mucins, which represent a loss that is of nutritional importance. These
secretions appear to be rich in threonine and cysteine (Roberton et al.,
1991), and thus contribute to the requirement for both amino acids. How-
ever, both the nonabsorbed and secreted components that make up nitro-
gen loss are difficult to quantify with any confidence, except in terms of
total nitrogen, because of the overwhelming modifying effect of the intes-
tinal microflora. Thus, digestibility (as estimated by nitrogen excretion) is
usually determined by measuring the fecal nitrogen (Np,) in individuals
consuming the specific nitrogen source and subtracting the fecal nitrogen
values obtained when a protein-free diet is given (Np,). This value is then
subtracted from the total nitrogen intake (N;) and expressed as a propor-
tion of the nitrogen intake.

True Digestibility = Dp = (N, - Np,)/ N,

where Ny = Npp — Np,.

Fecal nitrogen from a proteinfree diet is a measure of the amount of
nitrogen from intestinal secretions, on the assumption (probably incor-
rect) that this component does not vary with different diets (de Lange et
al., 1989). The values thus calculated are called “true” digestibility and
represent the proportion of the dietary nitrogen that is absorbed. This
portion can generally be assumed to be available to the host for meeting
the needs for maintenance and growth.

It must be noted that a number of recent studies with isotopically
labeled proteins suggest that true digestibility exceeds 90 percent for many
common foods such as milk, cereals, and soy and other legumes (Darragh
and Hodgkinson, 2000, de Vrese et al., 2000; Mariotti et al., 1999,
Gausseres et al., 1997; Gaudichon et al., 1999). It should also be noted
that, at present, calculation of the availability (or digestibility) of amino
acids from food protein sources is based on the digestibility of total nitro-
gen as contrasted to that for the individual amino acid. However, there
can be quite large differences between the digestibility coefficients for
total nitrogen and the individual amino acid. These and other related
aspects of protein quality have been reviewed elsewhere (Darragh and
Hodgkinson, 2000; Schaafsma, 2000).
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The digestive and intestinal phase of dietary protein utilization is cur-
rently an active area of research, but it is still, from a practical standpoint,
not possible to make major improvements over the estimates of true
protein digestibility made some years ago by the Food and Agriculture
Organization and the World Health Organization (FAO/WHO, 1991).
Therefore, the determination of true digestibility of proteins, diets, and
amino acids in this report are based on the approaches and values pro-
posed by FAO/WHO in 1991.

Nitrogen Versus Amino Acids

Absorbed nitrogen is mainly in the form of amino acids, but a propor-
tion is in other compounds such as nucleic acids, creatine, amino sugars,
ammonia, and urea. The quantitative extent to which these contribute to
nitrogen retention and homeostasis is not known. Creatine can probably
be utilized (Metges et al., 1999b), but in general it is unknown to what
extent these different compounds can have a sparing effect on the utiliza-
tion of the amino acids for which they are precursors. However, the major
requirement for total nitrogen or protein is for the specific indispensable
amino acids (and/or conditionally indispensable amino acids) and an
additional source of o-amino nitrogen. At appropriate intakes these main-
tain protein homeostasis and adequate synthesis of those physiologically
important compounds for which amino acids are the obligatory precursors
(Table 10-5).

It is conventional to use a value of 6.25 to express the weight ratio of
protein to the nitrogen content in foods, which assumes that nitrogen is,
on average, 16 percent by weight of mixed protein. However, this factor is
in fact quite variable among different proteins. For example, when protein
intake is calculated by summing the weight of amino acids as analyzed in a
food (less the water of hydrolysis), the protein/nitrogen ratio is 5.38 for
egg, 5.62 for whole milk, 4.86 for cooked ham, 5.70 for whole-meal wheat
bread, and 6.07 for soymilk. Thus when converting the amount of nitrogen
present in a specific foodstuff to total protein, this factor becomes impor-
tant to use.

These differences in the protein-to-nitrogen ratio of food proteins are
not of specific importance in reference to the development of the recom-
mendations for protein requirements given herein. This is because these
recommendations have been based initially on nitrogen balance determi-
nations, which in turn were based on analytical measurements of nitrogen
intake (from different test proteins or mixtures of proteins). The nitrogen
intake values were then converted to protein intakes using the conven-
tional 6.25 factor, irrespective of the protein source used in the various
experiments.
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However, the protein-to-nitrogen conversion factor does matter in
considering the quality of food protein sources when the protein-specific
nitrogen conversion factor has been used to convert the chemically deter-
mined nitrogen content of the protein to a protein value. In this case,
protein intakes and the relation between the amino acid concentrations in
the protein should all be referred back to a nitrogen base. For this reason,
amino acid requirement patterns delineated below are given in reference
to both conventional protein (nitrogen X 6.25) and to a nitrogen basis.

Amino Acids Content of Proteins

The second and generally more important factor that influences the
nutritional value of a protein source is the relative content and metabolic
availability of the individual indispensable amino acids. If the content of a
single indispensable amino acid in the diet is less than the individual’s
requirement, then it will limit the utilization of other amino acids and
thus prevent normal rates of protein synthesis even when the total nitrogen
intake level is adequate. Thus, the “limiting amino acid” will determine
the nutritional value of the total nitrogen or protein in the diet. This has
been illustrated in experiments comparing the relative ability of different
protein sources to maintain nitrogen balance. For example, studies have
shown, depending on its source and preparation, that more soy protein
might be needed to maintain nitrogen balance when compared to egg-
white protein, and that the difference may be eliminated by the addition
of methionine to the soy diet. This indicates that sulfur amino acids can be
limiting in soy (Zezulka and Calloway, 1976a, 1976b). Similarly, the limit-
ing amino acid in wheat protein is lysine (Young et al., 1975a).

The concept of the limiting amino acid has led to the practice of
amino acid (or chemical) scoring, whereby the indispensable amino acid
composition of the specific protein source is compared with that of a refer-
ence amino acid composition profile. Earlier the amino acid composition
of a good quality protein such as egg, which is regarded as being well
balanced in amino acid content in relation to human needs (FAO/WHO,
1973), was used as a reference or benchmark. Table 10-23 shows the com-
position of various food protein sources expressed as mg of amino acid
per g of protein (nitrogen X 6.25). The composition of amino acids of egg
and milk proteins is similar with the exception of the sulfur amino acids
methionine and cysteine. However, wheat and beans have lower propor-
tions of indispensable amino acids, especially of lysine and sulfur amino
acids, respectively.

The nutritional implications of these differences in the amino acid
content of different proteins or mixtures of proteins can be evaluated by
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TABLE 10-23 Amino Acid Composition of Major Food Protein
Sources (mg/g protein)*

Amino Acid Whole Wheat Flour Navy Beans  Milk  Eggs
Histidine 22 28 28 24
Isoleucine 40 42 60 63
Leucine 63 76 98 88
Lysine 26 72 79 70
Methionine + cysteine 35 19 34 56
Phenylalanine + tyrosine 81 77 96 98
Threonine 27 39 45 49
Tryptophan 11 10 14 16
Valine 43 46 67 72

@ Values for protein composition (N X 6.25) are from Young and Pellett (1990).

comparing the amino acid composition of the protein source with a suit-
able reference amino acid pattern.

Amino Acid Scoring and Protein Quality

In recent years, the amino acid requirement values for humans have
been used to develop reference amino acid patterns for purposes of evalu-
ating the quality of food proteins or their capacity to efficiently meet both
the nitrogen and indispensable amino acid requirements of the individual.
Based on the estimated average requirements for the individual indispens-
able amino acids presented earlier (Tables 10-20 and 10-21) and for total
protein (nitrogen X 6.25) (Tables 10-9 and 10-13), it is possible to establish
an amino acid requirement (or scoring) pattern for preschool children
and for adults. These are given in Table 10-24 together with the amino
acid requirement pattern used for breastfed infants. It should be noted
that this latter pattern is that for human milk and so it is derived quite
differently compared to that for the other age groups.

There are three important points that need to be highlighted about
the proposed amino acid scoring patterns. First, there are relatively small
differences between the amino acid requirement and thus scoring patterns
for children and adults, therefore use amino acid requirement pattern for
1 to 3 years of age is recommended as the reference pattern for purposes
of assessment and planning of the protein component of diets.

Second, the requirement pattern proposed here for adults is funda-
mentally different from a number of previously recommended require-
ment patterns (Table 10-25). The pattern for adults (FAO/WHO/UNU,
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TABLE 10-24 Proposed Amino Acid Scoring Patterns for
Infants, Preschool Children, and Adults Based on Estimated

Requirements for Protein and Indispensable Amino Acids

687

Preschool

Infants® Children (1-3y) Adults (18+y)

(mg/g (mg/g (mg/g (mg/g (mg/g
Amino Acid protein) protein)? N)¢ protein) b Ny¢
Histidine 23 18 114 17 104
Isoleucine 57 25 156 23 142
Leucine 101 55 341 52 322
Lysine 69 51 320 47 294
Methionine + cysteine 38 25 156 23 142
Phenylalanine + tyrosine 87 47 291 41 256
Threonine 47 27 170 24 152
Tryptophan 18 7 43 6 38
Valine 56 32 199 29 180

@ Pattern based on amino acid composition of human milk (from Table 10-18).

0 Pattern derived from (EAR for amino acid + EAR for protein); for 1-3 y group, where
EAR for protein = 0.88 g/kg/d; for adults, EAR for protein = 0.66 g/kg/d. EAR is
Estimated Average Requirement.

¢ Calculated as (mg/g protein) x 6.25.

TABLE 10-25 FNB/IOM Scoring Pattern Compared to Other

Proposed Patterns (mg/g protein)

MIT Millward FAO/WHO/ Recommended

Amino Acid Pattern? Pattern UNU Pattern® FNB/IOM Pattern?
Histidine — — — 18
Isoleucine 35 30 13 25
Leucine 65 44 19 55
Lysine 50 31 16 51
Methionine 25 27 17 25

+ cysteine
Phenylalanine 65 33 19 47

+ tyrosine
Threonine 25 26 9 27
Tryptophan 10 6 5 7
Valine 35 23 13 32

@ Young and Pellett (1990).
b Millward et al. (1990).

¢FAO/WHO/UNU (1985).
d Based on 1- to 3-year-old Estimated Average Requirements for protein and indispens-

able amino acids.
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1985) has uniformly lower proportions of all the indispensable amino
acids, as these requirement values were determined from studies of nitro-
gen balance, which are now considered to be not as reliable as values
derived from metabolic amino acid data (see previous discussion). The
other requirement patterns shown in Table 10-25 for adults were pub-
lished in two recent reviews (Millward, 1999; Young and Borgonha, 2000).
The pattern suggested by Millward (1999) is based on a reanalysis of nitro-
gen balance data that yields values that are generally lower than either the
FNB/IOM reference pattern, based on the EARs estimated above, or the
MIT pattern (Young and Borgonha, 2000). The MIT pattern includes
much of the oxidation and carbon balance data contained in the EAR
estimates given in this report, but the reference pattern recommended
here is derived from a larger body of data than that used by Young and
Borgonha. Thus, the reference amino acid scoring patterns shown in
Table 10-24 are designed for use in the evaluation of dietary protein quality.
Third, in generating these amino acid scoring patterns, the EARs for
the amino acids and for total protein were used. However, two important
statistical considerations need to be raised here: first, the extent to which
there is a correlation between nitrogen (protein) and the requirement for
a specific indispensable amino acid; second, the impact of the variance for
both protein and amino acid requirements on the derived amino acid
reference pattern. The extent to which the requirements for specific indis-
pensable amino acids and total protein are correlated is not known. In this
report it is assumed that the variance in requirement for each indispens-
able amino acid is the same as that for the adult protein requirement.
This analysis illustrates one of the uncertainties faced in establishing a
reference or scoring pattern and judging the nutritional value of a protein
source for an individual. However, on the basis of different experimental
studies in groups of subjects, experience shows that a reasonable approxi-
mation of the mean value for the relative quality of a protein source or
mixture of proteins can be obtained by use of the amino acid scoring
pattern proposed in Table 10-26 and a standard amino acid scoring
approach, examples of which are given in the following section.

Calculation of Amino Acid Scores for Different Food Proteins

The method for evaluating the relative nutritional quality of different
protein sources that is used in this report is based on calculating the pro-
tein digestibility corrected amino acid score (PDCAAS) as proposed by
FAO/WHO (1991). It is calculated as follows:
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TABLE 10-26 Summary FNB/IOM 2002 Amino Acid Scoring
Pattern for Use in Children = 1 Year of Age and in All Other
Older Age Groups

Amino Acid mg/g protein® mg/g N
Histidine 18 114
Isoleucine 25 156
Leucine 55 341
Lysine 51 320
Methionine + cysteine 25 156
Phenylalanine + tyrosine 47 291
Threonine 27 170
Tryptophan 7 43
Valine 32 199

@ Protein = nitrogen X 6.25.

[mg of limiting amino acid
in 1-g test protein]
PDCAAS (%) = x [true digestibility (Dy ) (%)]
mg of same amino acid
in 1-g reference protein

As mentioned earlier, in comparing the amino acid reference (or
scoring) patterns (Table 10-24) for 1- through 3-year-old children and the
adult age groups, it would be hard to justify proposing separate amino
acid scoring patterns for these populations for practical purposes. There-
fore, for calculation of the amino acid score, corrected for digestibility
(PDCAAS, %), it is recommended that one scoring pattern be used to
cover all ages from 1 year and above, as shown in Table 10-26.

A number of examples of the PDCAAS for different food proteins or
diets based on three major protein sources are given in Table 10-27. As
shown, wheat (lysine limiting) and chickpea proteins (sulfur amino acid
limiting) have a PDCAAS of 44 and 87 percent, respectively. For a diet
based on a mixture of wheat, chickpea, and skim milk proteins the
PDCAAS is 110 percent, which is truncated to a value of 100, since the
relative efficiency of utilization of the limiting amino acid cannot be
greater than that of the amino acid scoring pattern at nitrogen intakes
sufficient to meet nitrogen needs. Finally, it should be noted that PDCAAS
scores have only been calculated here based on four indispensable amino
acids (lysine, sulfur amino acids, threonine, and tryptophan). These are
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TABLE 10-27 Calculation of PDCAAS® for Selected Individual
Food Proteins and for a Mixture of These Proteins, Based on
the FNB/IOM 2002 Amino Acid Scoring Pattern

Amino Acid Content
(mg/g protein)?®

Protein

Protein Lys SAA Thr Trp  Digestibility PDCAAS (%)
Wheat 25 35 30 11 0.85 42 (Lysine)®
Chickpea 70 25 42 13 0.80 80 (SAA)
Milk powder 80 30 37 12 0.95 100 (114—SAA)¢
Mixture (% of

protein)

Wheat (19)

Chickpea (32)

Milk powder (49)

For combination® 64 29 37 12 0.88 100 (102—SAA)

@ Data for proteins taken from Table 10 of FAO/WHO (1991) using the procedure
described therein to determine PDCAAS (Protein Digestibility Corrected Amino Acid
Score).

b Lys = lysine; SAA = sulfur amino acids; Thr = threonine; Trp = Tryptophan.

¢ Lysine or sulfur amino acid = limiting amino acid.

d Where relevant, the nontruncated value for the PDCAAS is given prior to truncation
to a value of 100.

¢ Weighted values based on the proportion of the total protein in the mixture that is
contributed by each protein source.

the most likely limiting amino acids in common food protein sources and
so have been considered here for illustrative purposes.

There have been discussions on ways to improve the PDCAAS proce-
dure and further developments in this context are needed. Until better
methods are developed, the foregoing procedure is recommended, using
the digestibility values proposed by FAO/WHO (1991).

Comments on Protein Quality for Adults

While the importance of considering protein quality in relation to the
protein nutrition of the young has been firmly established and accepted
over the years, the significance of protein quality (other than digestibility)
of protein sources in adults has been controversial or less clear. The amino
acid scoring pattern given in Table 10-24 for adults is not markedly differ-
ent from that for the preschool age group, implying that protein quality
should also be an important consideration in adult protein nutrition.
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In the published meta-analysis of nitrogen balance studies by Rand
and coworkers (2003), there were no significant differences in the intakes
of dietary nitrogen required to meet nitrogen equilibrium between those
studies that supplied dietary protein predominantly from animal, veg-
etable, or mixed protein sources. It is important to realize however, that
this aggregate analysis does not suggest that dietary protein quality is of no
importance in adult protein nutrition. The examined and aggregated
studies included an analysis of those that were designed to compare good
quality soy protein (Istfan et al., 1983; Young et al., 1984) as well as one
that involved comparison of whole-wheat proteins (Young et al., 1975a)
with animal proteins sources using parallel experimental diet groups. The
results of these studies showed clearly that the quality of well-processed soy
proteins was equivalent to animal protein in the adults evaluated (which
would be predicted from the amino acid reference pattern in Table 10-26),
while wheat proteins were used with significantly lower efficiency than the
animal protein (beef) (again this would be predicted from the procedure
above). Similar studies compared rice and egg proteins (Inoue et al.,
1973), wheat gluten and egg proteins (Yanez et al., 1982), and lupin and
egg proteins (Egana et al., 1992), all demonstrating the higher quality of
the animal protein reference sources.

Thus, the aggregate analyses of all available studies analyzed by Rand
and coworkers (2003) obscured these results and illustrate the conservative
nature of their meta-analysis of the primary nitrogen balance. Moreover,
this discussion and presentation of data in Table 10-27 underscores the
fact that while lysine is likely to be the most limiting of the indispensable
amino acids in diets based predominantly on cereal proteins, the risk of a
lysine inadequacy is essentially removed by inclusion of relatively modest
amounts of animal or other vegetable proteins, such as those from legumes
and oilseeds, or through lysine fortification of cereal flour.

Food Sources

Protein from animal sources such as meat, poultry, fish, eggs, milk,
cheese, and yogurt provide all nine indispensable amino acids, and for this
reason are referred to as “complete proteins.” Proteins from plants,
legumes, grains, nuts, seeds, and vegetables tend to be deficient in one or
more of the indispensable amino acids and are called “incomplete proteins.”
Three ounces of lean meat or poultry contain about 25 g of protein, and
3 ounces of fish or 1 cup of soybeans supplies about 20 g of protein. The
protein content of 1 cup of yogurt is approximately 8 g, 1 cup of milk is 8 g,
and 1 egg or 1 ounce of cheese contains about 6 g. One cup of legumes
has approximately 15 g of protein. Cereals, grains, nuts, and vegetables
contain about 2 g of protein per serving.
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Dietary Intake

Data from nationally representative U.S. and Canadian surveys are
available to estimate protein intakes (Appendix Tables E-16 and F-5). In
the United States, the median dietary intake of protein by adult men dur-
ing 1994-1996 and 1998 ranged from 71 to 101 g/d for various age groups
(Appendix Table E-16). For women, the median intake ranged from 55 to
62 g/d. For both men and women, protein provided approximately 15 per-
cent of total calories (Appendix Table E-17). Similarly, in Canada, protein
provided approximately 15 percent of total calories for adults (Appendix
Table F-5).

The amino acids intakes for the U.S. population are found in Appen-
dix Tables D-2 through D-19. The median dietary intake of lysine by adult
men during 1988-1994 ranged from 4.65 to 7.50 g/d for various ages
(Appendix Table D-11), and by adult women from 3.59 to 4.56 g/d. The
median dietary intake of threonine by adult men during 1988-1994 ranged
from 2.74 to 4.21 g/d for various ages (Appendix Table D-16) and by adult
women from 2.10 to 2.59 g/d. The median dietary intake of tryptophan by
adult men and women during 1988-1994 ranged from 0.84 to 1.26 g/d
and from 0.65 to 0.78 g/d, respectively (Appendix Table D-17).

TOLERABLE UPPER INTAKE LEVELS FOR PROTEIN

Humans consume a wide range of intakes of protein. As intake is
increased, the concentrations of free amino acids and urea in the
blood increase postprandially. The nitrogenous substances in the urine
also increase, especially urea. These changes are part of the normal regu-
lation of the amino acids and nitrogen and represent no hazards per se, at
least within the range of intakes normally consumed by apparently healthy
individuals. Nonetheless, a number of adverse effects have been reported,
especially at the very high intakes that might be achieved with supplement
use, but also at more modest levels.

In addition, some naturally occurring proteins are allergenic to certain
sensitive individuals; for example, the glycoprotein fractions of foods have
been implicated in allergic responses. However, relatively few protein foods
cause most allergic reactions: milk, eggs, peanuts, and soy in children; and
fish, shellfish, peanuts, and tree nuts in adults.

Hazard Identification

Adverse Effects

There is little scientific literature on the effects of consuming very
high protein diets, but it has been suggested from evidence of the dietary
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practices of hunter-gatherer populations, both present day and historical,
that humans avoid diets that contain too much protein (Cordain et al.,
2000; Speth, 1989). Even when meat is the dominant food, diets of a wide
range of populations do not usually contain more than about 40 percent
of energy as protein (Speth, 1989). Indeed, Eskimos, when eating only
meat, maintain a protein intake below 50 percent of energy by eating fat;
protein intake estimated from data collected in 1855 was estimated to be
about 44 percent (Krogh and Krogh, 1913).

There have been case reports of high levels of intake. Two arctic
explorers, Stefansson and Andersen, ate only meat for a whole year while
living in New York City (Lieb, 1929; McClellan and Du Bois, 1930;
McClellan et al., 1930, 1931). For most of the period, the diet contained
15 to 25 percent of energy as protein, with fat (75 to 85 percent) and
carbohydrate (1 to 2 percent) providing the rest, and no ill effects were
observed (McClellan and Du Bois, 1930). However, consumption of greater
portions of lean meat (45 percent of calories from protein) by one of the
two explorers led rapidly to the development of weakness, nausea, and
diarrhea, which was resolved when the dietary protein content was reduced
to 20 to 25 percent of calories (McClellan and Du Bois, 1930).

If continued, a diet too high in protein results in death after several
weeks, a condition known as “rabbit starvation” by early American explorers,
as rabbit meat contains very little fat (Speth and Spielmann, 1983;
Stefansson, 1944a). Similar symptoms of eating only lean meat were
described by Lewis and Clark (McGilvery, 1983). Conversely, an all-meat
diet with a protein content between 20 and 35 percent has been reported
in explorers, trappers, and hunters during the winters in northern America
surviving exclusively on pemmican for extended periods with no adverse
effects (McGilvery, 1983; Speth, 1989; Stefansson, 1944b). Pemmican is a
concentrated food made by taking lean dried meat that has been pounded
finely and then blending it with melted fat. It contains about 20 to 35
percent protein; the remainder is fat (Stefansson, 1944b).

Nitrogen Balance Studies. Nitrogen balance studies at protein intakes of
212 to 300 g/d consistently have shown positive nitrogen balance (Fisher
etal. 1967; Oddoye and Margen, 1979; Tarnopolsky et al., 1988), although
this is usually attributed to the cumulative errors of the nitrogen balance
procedure (Garlick et al., 1999; Hegsted, 1978; Oddoye and Margen, 1979).
In particular, no negative nitrogen balances were reported, suggesting that
the high protein intake had no detrimental effect on protein homeostasis.

Maximum Urea Synthesis. Rudman and coworkers (1973) studied the
effect of meals containing graded levels of protein on the rate of urea
production by human liver in vivo. With increasing protein content of the
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meals, a maximum rate of urea synthesis of 65 mg of urea nitrogen/hour/kg
body weight’ 7> was observed. At higher intakes, the rate was not increased
further, but the maximum rate continued longer. In a 70-kg sedentary
person, this maximum rate corresponds to about 250 g/d of protein, or
about 40 percent of energy. The correspondence of this maximum to the
apparent upper level of protein intake (45 percent of energy) described in
the earlier section related to the experiences reported by explorers has
therefore been suggested as cause and effect (Cordain et al., 2000). How-
ever, this interpretation should be made with caution, as there was no
period of adaptation to the meal in the study of Rudman’s group (1973).
It is probable that when high protein diets are given, the capacities to
oxidize amino acids and synthesize urea are increased, as has been demon-
strated in animals (Das and Waterlow, 1974). However, this does not
appear to have been investigated in humans.

Chronic Disease. High protein intakes have also been implicated in
chronic diseases such as osteoporosis, renal stones, renal insufficiency,
cancer, coronary artery disease, and obesity (see “High Protein Diets” in
Chapter 11). However, the current state of the literature does not permit
any recommendation of the upper level for protein to be made on the
basis of chronic disease risk.

Dose—Response Assessment

The data on the potential for high protein diets to produce gastro-
intestinal effects, changes in nitrogen balance, maximum urea synthesis,
or chronic disease are often conflicting and do not provide dose-response
information or clear indications of a lowest-observed-adverse-effect level
(LOAEL) or no-observed-adverse-effect level (NOAEL) for these end-
points. Thus, there are insufficient data to establish a Tolerable Upper
Intake Level (UL) for total protein. Because of the current widespread use
of protein supplements, more research is needed to assess the safety of
high protein intakes from supplements; until such information is avail-
able, caution is warranted.

The potential implications of high dietary protein for bone and kidney
stone metabolism are not sufficiently clear at present to make recommen-
dations for the general population to restrict their protein intake. How-
ever, in those who have idiopathic hypercalciuria, the occurrence of kidney
stones is much increased, and although there is no evidence to indicate
reducing protein intake will decrease the risk of developing kidney stones,
these individuals should not be encouraged to consume more protein
than the Recommended Dietary Allowance (RDA).
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Intake Assessment

Based on distribution data from the 1994-1996, 1998 Continuing
Survey of Food Intakes by Individuals (CSFII), the highest mean intake of
protein from diet for any gender and life stage group was estimated to be
104 g/d (Appendix Table E-16) for men aged 19 through 30 years of age.
For the 70-kg reference man (Table 1-1), this would equate to 1.5 g/kg/d.
This life stage group also had the highest reported protein intake at the
99th percentile of intake at 190 g/d, or 2.7 g/kg/d, for the reference
70 kg-man.

Riusk Characterization

The risk of adverse effects resulting from excess intakes of protein
from foods appears to be very low at the highest intake noted above. Based
on distribution data from the 1994-1996, 1998 CSFII (Appendix Table E-17),
these 19-30-year-old men would be consuming a mean of 15.2 percent of
their energy from protein, and at the 99th percentile, 21.5 percent.
Women over the age of 50 had the highest reported percentage of total
energy from protein at the 99th percentile of 23.7 percent. Although a UL
for protein could not be established, this does not mean that there is not a
potential for adverse effects resulting from high protein intakes from food
or supplements. Because the data on adverse effects resulting from high
protein intakes are limited, caution may be warranted.

TOLERABLE UPPER INTAKE LEVELS FOR
INDIVIDUAL AMINO ACIDS

In establishing tolerable upper intake levels (ULs) for amino acids
several general points, common to all the amino acids, were noted.

e There is no evidence that amino acids derived from usual or even
high intakes of protein from foodstuffs present any risk. Therefore, atten-
tion was focused on intakes of amino acids from dietary supplements and
when utilized as food ingredients, such as monosodium glutamate in food
or aspartic acid and phenylalanine in aspartame.

e This review was confined to those amino acids that are found in
dietary protein and only the L-forms of amino acids were considered.

® Recognizing that the ULs are for chronic intake and in keeping
with the UL model, only limited emphasis was placed on the results of
acute and short-term toxicity studies, while longer-term studies were con-
sidered most appropriate for establishing UL:s.
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® More emphasis was placed on observations of adverse effects in
humans than on effects observed in animals. Pharmacokinetic studies were
sought to bridge potential differences between animals and humans.

e Itwasnoted that blood concentrations could be considerably higher
when amino acids were consumed as supplements as opposed to a compo-
nent of protein in food, and this was considered in establishing ULs.

® Many animal studies of amino acid toxicity were conducted with
diets deficient in protein. Less emphasis was placed on these studies than
those with adequate protein diets because of concern over the creation of
amino acid imbalances.

e For some well-studied amino acids, there were no adverse effects
reported at the highest dose tested in long-term studies. In such cases it
was not possible to establish a Lowest-Observed-Adverse-Effect Level
(LOAEL) or a No-Observed-Adverse-Effect Level (NOAEL) that was sup-
ported by toxicity data. Under these circumstances, it was not possible to
establish a UL in keeping with the criteria and procedures required by the
UL model.

Alanine

L-Alanine is a dispensable amino acid with glycogenic properties.
Studies of food intake, growth, and hematological changes resulting from
the oral ingestion of L-alanine in animals and humans reveal little data to
suggest a LOAEL or a NOAEL (LSRO, 1992). Based on intake distribution
data from the 1988-1994 (NHANES III) mean daily intake for all life
stage and gender groups of alanine from food and supplements is
approximately 3.6 g/d (Appendix Table D-2). Men 51 through 70 years of
age had the highest reported intake at the 99th percentile of 8.5 g/d.

Hazard Identification

Adverse Effects in Animals. In animals, L-alanine exhibits neural inhibi-
tory actions as well as hypothermogenicity (Glyn and Lipton, 1981). There
are no adequate data to characterize dose-response relationships for
L-alanine in animals.

Adverse Effects in Humans. Oral administration of a single L-alanine
dose, up to 50 g/d, increased plasma insulin levels (Genuth, 1973; Genuth
and Castro, 1974; Rose et al., 1977). However, there are no chronic studies
that can be utilized to establish a UL for supplemental L-alanine in
humans.
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Dose—Response Assessment

The very limited data on adverse effects of L-alanine intake from
dietary supplements (Genuth, 1973; Genuth and Castro, 1974) were con-
sidered insufficient for a dose-response assessment and derivation of a UL
for L-alanine.

Arginine
L-Arginine is incorporated into tissue proteins, and is required for the
synthesis of other amino acids, polyamines, and creatine, as well as for the
detoxification of ammonia via the urea cycle (Rodwell, 1990). It is a dis-
pensable glycogenic amino acid, synthesized in adequate amounts from
the urea cycle intermediate ornithine. Ornithine, in turn, can be synthe-
sized from proline and possibly from glutamate (Brunton et al., 1999).
However, in children with congenital defects of argininosuccinic acid
synthetase or argininosuccinase, both urea cycle enzymes, arginine is an
indispensable amino acid with daily supplementation required (Brusilow
and Horwich, 1989). Based on intake distribution data from the 1988-
1994 NHANES III, mean daily intakes for all life stage and gender groups
of arginine from food and supplements is approximately 4.2 g/d (Appen-
dix Table D-3). Men 51 through 70 years of age had the highest reported

intake at the 99th percentile of 10.1 g/d.

Hazard Identification

Adverse Effects in Animals. Feeding low-protein diets supplemented with
4, 5, or 7.5 percent arginine resulted in depressed body weight gains in
rats (Harper et al., 1966; Sauberlich, 1961). However, the growth sup-
pression by excess arginine was lessened when the protein content of the
diet was increased and when the quality of protein was improved (Harper
et al., 1970).

Oral doses of L-arginine of 0.1, 0.5, and 1.0 g/kg of body weight were
given to rats 1 hour before behavioral trials for a period of 5 or 7 days.
Avoidance behavior was increased in CDR rats (a strain with poor learning
capacity) at the highest dose only. Conditioned avoidance was not affected
in Wistar rats, but increased locomotion was reported (Drago et al., 1984).

Studies on the effects of orally administered arginine on the immune
system have provided conflicting results. Barbul and coworkers (1980)
reported significant increases in thymus weights, thymic lymphocyte con-
tent, and in vitro activity of thymic lymphocytes after supplementing the
diet of male mice with 0.5, 1, 2, and 3 percent arginine hydrochloride
(one-half in the diet and one-half in drinking water) for 6 days. No dose—
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response was found, with the maximum stimulation noted at 0.5 percent
supplementation of the normal chow diet containing 1.8 percent arginine.
Reynolds and coworkers (1990) reported significantly increased thymus
weight, spleen cell mitogenesis, and inducible natural killer cell activity in
mice after oral arginine (drinking water) doses of 60, 120, or 240 mg/kg
of body weight/d. No dose-response was reported with maximum stimula-
tion noted at 60 mg/kg of body weight/d. In young or aged rats, ingestion
of diets supplemented with 3 percent L-arginine for 15 days did not result
in increased thymus weights and little effect was reported on lymphocyte
proliferation or interleukin-2 production as compared to controls
(Ronnenberg et al., 1991).

Adverse Effects in Humans. Feeding 30 g of L-arginine hydrochloride/d
for 7 days to 21 healthy human volunteers resulted in no changes in liver
function, blood urea nitrogen (BUN), creatinine, or blood glucose (Barbul
et al.,, 1981). The nausea and diarrhea reported by two and three adults,
respectively, were ameliorated by altering the amount given at any time
without decreasing the total daily intake. However, administration of 5 or
10 g of arginine as arginine aspartate for 80 days produced such dose-
related reversible effects as increased weight, gastrointestinal disturbances,
and somnolence (De Aloysio et al., 1982).

Thirty-six healthy volunteers were divided into 3 equal groups of 12
and orally administered 30 g of arginine hydrochloride (24.8 g of free
arginine), 30 g of arginine aspartate (17 g free arginine), or a placebo
daily for 14 days (Barbul et al., 1990). Dietary consumption of arginine was
not controlled. Supplementation with arginine hydrochloride resulted in
the development of mild hyperchloremic acidosis. Side effects of bloating,
mild anorexia, and diarrhea were reported by one in the group receiving
placebo, three in the group receiving arginine aspartate, and six in the
group receiving arginine hydrochloride (Barbul et al., 1990). In another
study of 30 elderly adults receiving 17 g of free arginine/d as arginine
aspartate for 14 days, no adverse effects were observed (Hurson et al.,
1995).

Park and coworkers (1992) administered orally 30 g of arginine free
base/d to 10 patients with breast cancer during the three days immedi-
ately prior to surgery. A second group of ten cancer patients did not receive
arginine supplementation prior to surgery and served as controls. The
daily median rate of tumor protein synthesis in arginine-supplemented
patients was slightly more than double that found in controls (25.6 percent/d,
range 9 to 37 percent/d; 10 percent/d, range 5.5 to 15.8 percent/d,
respectively). In addition, in patients receiving arginine supplementation
there was a marked stimulation in the expression of the activation antigen
Ki67 as measured histologically (~40 percent tumor cells staining with Ki67
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compared to ~9 percent in controls). These data indicate that large oral
doses of arginine may stimulate tumor growth in humans.

Studies in experimental animals have indicated a suppression of tumor
growth after oral administration of arginine (Barbul, 1986; Reynolds et al.,
1988; Tachibana, et al., 1985). Paradoxically, there are also published
studies showing that arginine can stimulate tumor growth in animal
models. Yeatman and coworkers (1991) showed that an arginine-enriched
diet stimulated the growth of a murine colon tumor, whereas an arginine-
depleted diet inhibited the tumor growth. Arginine was also shown to
stimulate tumors in total parenteral nutrition-fed rats, while substitution
of ornithine for arginine abolished the effect (Grossie et al., 1992). More-
over, Levy and coworkers (1954) showed that subcutaneous injections of
arginine either inhibited or stimulated the tumor, depending on its size at
the start of treatment. The mechanism of these effects is unknown, but
might in part involve the immune system. Reynolds and coworkers (1988)
observed an inhibition of tumor growth with tumors of high immuno-
genicity, but stimulation when a tumor of low immunogenicity was used,
suggesting that inhibition might only occur when tumors can be recog-
nized and killed by the immune system.

Batshaw and coworkers (1984) treated 17 hyperammonemic infants
with 175 to 350 mg L-arginine/kg of body weight/d for 6 to 8 weeks. No
adverse effects were reported. Plasma arginine concentrations were
approximately twice those in the controls but less than one-third of the
minimal concentration postulated to result in neurological effects in
hyperargininemia. A follow-up at 18 months of age showed similar IQ
scores in all groups. It should be mentioned that Brusilow and coworkers
(1984) have used arginine supplements of 210 to 840 mg/kg of body
weight/d for 5 years in the treatment of children with inborn errors of
urea synthesis. No evidence of intellectual deterioration or visual effects
was reported in these patients. In addition, there are several reports
regarding patients treated intravenously with arginine hydrochloride for
metabolic alkalosis or as a provocative test for growth hormone, where life-
threatening hyperkalemia (Bushinsky and Gennari, 1978; Massara et al.,
1981) or fatal hyponatremia (Gerard and Luisiri, 1997) were observed.
These are acute toxicity reports and thus are not useful to evaluate chronic
intakes.

Dose—Response Assessment

Studies of oral administration of supplemental arginine in humans (in
excess of normal dietary intakes of approximately 5.4 g/100 g of mixed
dietary proteins) were not designed to systematically study the toxicity of
chronic oral exposure to this amino acid. They are generally of short dura-
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tion, do not present dose-response data, and involve small numbers of
individuals. Although data from these studies do not support the develop-
ment of an LOAEL and thus a UL, they do give some indication of the
effects from oral arginine intakes of up to 30 g/d. Oral intakes of arginine
aspartate providing 5 and 10 g/d of free arginine for 80 days resulted in
dose-related weight increases, digestive disturbances, and sleepiness (De
Aloysio et al., 1982). Daily intakes of 20 to 30 g of arginine hydrochloride
for 7 to 14 days resulted in gastrointestinal disturbances (Barbul et al.,
1981, 1990). Such effects were considered mild and responded to lower-
ing the oral dose at various times during the day without affecting the total
daily intake.

Although the data appear to indicate minimal effects from arginine
supplementation at intakes up to 24.8 g/d of free arginine base, the
unconfirmed finding that 30 g/d of arginine for 3 days resulted in a
stimulation of tumor growth in breast cancer patients (Park et al., 1992)
indicates that dietary supplementation with arginine is not advisable other
than in atrisk children with congenital defects of argininosuccinic acid
synthetase or argininosuccinase. Therefore, since neither a NOAEL nor
LOAEL can be identified for intake of L-arginine from dietary supple-
ments in healthy individuals, a UL could not be determined.

Asparagine

L-Asparagine is a dispensable amino acid, the amide of the dicarboxylic
amino acid aspartic acid that is either deaminated during food processing
or converted into aspartate by the mucosal cells. Daily human intakes of
L-asparagine from dietary protein are about 7.4 g/100 g of dietary protein
(LSRO, 1992).

Hazard Identification

There are no data available regarding the toxicity of L-asparagine as a
single amino acid supplement, which are relevant for setting an UL.

Dose—Response Assessment

There are no data to characterize a dose-response assessment for
supplemental asparagine. However, asparagine is rapidly converted to
aspartic acid in the gastrointestinal tract, and the potential adverse health
effects from asparagine intake should be considered when developing the
UL for aspartic acid.
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Aspartic Acid

L-Aspartic acid is a dispensable dicarboxylic amino acid that can be
produced by the transamination of oxaloacetic acid arising from glucose
breakdown. In the presence of o-ketoglutarate, aspartate is converted to
oxaloacetate and glutamate. Based on distribution data from the 1988-
1994 NHANES III, mean daily intakes for all life stage and gender groups
of aspartic acid from food and supplements are 6.5 g/d (Appendix
Table D-4). Men 31 through 50 years of age had the highest intake at the
99th percentile of 15.4 g/d.

Hazard Identification

Adverse Effects in Animals. Neonatal mice (24-hours postpartum) received
four subcutaneous injections of L-aspartic acid at 2 g/kg of body weight
and were followed for 7 months (Schainker and Olney, 1974). When com-
pared to controls, there was an increase in hypothalmic lesions, obesity,
skeletal stunting, and reduced reproductive organ size. Neither blood nor
brain concentrations of aspartic acid were measured. Using a similar protocol,
Pizzi and coworkers (1978) replicated these findings in mice given gradu-
ally increasing doses of monosodium L-aspartic acid (2.2 to 4.4 g/kg of
body weight) by subcutaneous injection on days 2 to 11 of life. Animals
were followed for 150 days for growth and reproductive behavior and
sacrificed between 200 and 300 days of age. Females had reduced litter
sizes and fewer pregnancies, and males had reduced fertility. At 190 and
195 days of age, behavioral tests were carried out on the male mice and
significant reductions in activity and exploratory behavior were observed
in treated animals.

Finkelstein and coworkers (1988) have proposed that some of the
adverse effects reported may be the result of insufficient carbohydrate in
the diet of mice receiving large acute doses of aspartic acid. When neo-
natal mice were orally administered 750 mg aspartate/kg of body weight,
the characteristic hypothalmic lesions were observed. However, when mice
were treated simultaneously by gavage with aspartate and 1 g of Polycose®/kg
of body weight, no lesions were found. At a dose of 1 g of aspartate/kg of
body weight administered with carbohydrate, there was a reduction of
more than 60 percent in the lesions observed compared to the animals
treated with aspartate only. Prior injection of insulin (at pharmacological
doses) 4 hours before aspartate treatment (750 mg/kg of body weight)
reduced, but did not eliminate, the numbers of animals with lesions from
12/12 to 6/10 and decreased the maximum number of necrotic neurons
per brain section. This paper reported a threshold dose for a single oral
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administration of aspartate producing neurotoxicity in infant mice at
650 mg/kg of body weight (Finkelstein et al., 1988).

Finkelstein and coworkers (1983) also conducted an oral exposure
study with L-aspartic acid in slightly older infant mice (8 days old). Aspartic
acid was administered by oral gavage at a single dose of 0, 250, 500, 650,
750, or 1,000 mg/kg of body weight. Brain regions were assessed at 5 hours
after exposure. No hypothalamic neuronal necrosis was observed in animals
treated with a single dose of aspartic acid up to and including 500 mg/kg
of body weight. Increasing numbers of animals with hypothalamic lesions
and severity of lesions (as assessed by numbers of necrotic neurons per
brain section) were observed with increasing doses. In contrast, Reynolds
and coworkers (1980) gave infant monkeys a single dose of 2 g/kg of body
weight of aspartame by gastric tube and found no hypothalamic damage.

None of the above studies on the effects of aspartic acid on hypo-
thalamic structure and function include data on food consumption of the
treated animals and the observations of adverse effects have been made in
rodents only. The only study in nonhuman primates found no change in
the hypothalamus of infant monkeys given an acute dose of aspartame
(Reynolds et al., 1980).

Adverse Effects in Humans. Carlson and coworkers (1989) measured
the effects of a 10-g bolus dose of L-aspartic acid on pituitary hormone
secretion in healthy male and female adults. Aspartic acid had no consis-
tent effect on any hormone measured.

The potassium magnesium salt of aspartic acid (KMA) has been used
as a supplement in exercise regimens (Ahlborg et al., 1968; de Haan et al.,
1985; Maughan and Sadler, 1983; Sen Gupta and Srivastava, 1973). Acute
oral doses in these studies ranged from approximately 75 to 130 mg of
KMA /kg of body weight. While no adverse effects were reported, it was not
clear from the reports what adverse effects were examined, and plasma
aspartic acid concentrations were not reported.

Since the artificial sweetener aspartame contains about 40 percent
aspartic acid, studies on the effects of oral administration of this dipeptide
provide useful information on the safety of aspartic acid. Twelve normal
adults were orally given 34 mg/kg of body weight of aspartame and the
equimolar amount of aspartic acid (13 mg/kg of body weight) in a cross-
over design (Stegink et al., 1977). No increase in plasma or erythrocyte
aspartate was found during the 24 hours after dosing. Plasma phenylalanine
levels doubled over fasting concentrations 45 to 60 minutes after dosing
with aspartame but returned to baseline after 4 hours. Plasma concentra-
tions of other amino acids remained unchanged.

Frey (1976) studied the effects of the oral administration of aspartame
to 126 children and adolescents (30 to 77 mg of aspartame/kg body weight/d,
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equal to 12 to 30 mg of aspartate/kg body weight/d) for 13 weeks in a
double-blind study. Each child received a physical examination and special
eye examinations before and after the study. In addition, tests for liver and
renal function, hematological status, and plasma levels of phenylalanine
and tyrosine were conducted. The results of all tests were within normal
limits. Using a similar study design and a dose of 36 mg aspartame/kg
body weight/d (14 mg aspartate/kg/d) given orally to young adults (mean
age 19.3 years), Knopp and coworkers (1976) reported no meaningful
effects on plasma triglycerides and cholesterol nor on tests measuring
hematological parameters, and liver and renal function.

Dose—Response Assessment

All human studies on the effects of aspartic acid involve acute expo-
sures (Ahlborg et al., 1968; Carlson et al., 1989; de Haan et al., 1985;
Maughan and Sadler, 1983; Sen Gupta and Srivastava, 1973). There are
some subchronic studies on the oral administration of aspartame to
humans (Frey, 1976; Stegink et al., 1977); however, in both studies no
dose-response data are available. Although some studies in experimental
animals were designed to obtain dose-response data, the effects measured
were usually found in all doses studied. Therefore, even if the protocol
had used dosing regimens appropriate for the development of a UL, no
NOAEL was identified.

The most serious endpoint identified in animal studies was the devel-
opment of neuronal necrosis in the hypothalamus of newborn rodents
after dosing with aspartic acid a few days postpartum. This is a property of
dicarboxylic amino acids, since glutamic acid dosing in this animal model
results in similar necrotic effects (Stegink, 1976; Stegink et al., 1974).
There is still some uncertainty over the relevance to humans of the new-
born rodent model for assessing the neuronal necrosis potential of aspartic
acid. Neuronal necrosis in the hypothalamus was not found in newborn
nonhuman primates with levels of plasma dicarboxylic amino acids
10 times those found in newborn mice with neuronal necrosis (Stegink,
1976; Stegink et al., 1974). In addition, human studies where high doses of
aspartic acid or aspartame were given failed to find a significant increase
in the plasma level of aspartic acid.

In view of the ongoing scientific debate regarding the sensitivity of
newborn animals to the consumption of supplemental dicarboxylic amino
acids, it is concluded that aspartic acid dietary supplements are not advis-
able for infants and pregnant women. Although the scientific data are not
sufficient to develop a UL for aspartic acid, it should be noted that dietary
supplement doses of up to 8 g/d (approximately 120 mg/kg body weight/d)
have not resulted in any documented adverse effects.
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Branched-Chain Amino Acids (Leucine, Isoleucine, Valine)

The branched-chain amino acids (BCAA)—Ileucine, isoleucine, and
valine—differ from most other indispensable amino acids in that the
enzymes initially responsible for their catabolism are found primarily in
extrahepatic tissues. Each undergoes reversible transamination, catalyzed
by a branched-chain aminotransferase (BCAT), and yields o-ketoisocaproate
(KIC, from leucine), o-keto-B-methylvalerate (KMV, from isoleucine), and
a-ketoisovalerate (KIV, from valine). Each of these ketoacids then under-
goes an irreversible, oxidative decarboxylation, catalyzed by a branched-
chain ketoacid dehydrogenase (BCKAD). The latter is a multienzyme
system located in mitochondrial membranes (Danner et al., 1979). The
products of these oxidation reactions undergo further transformations to
yield acetyl CoA, propionyl CoA, acetoacetate, and succinyl CoA; the BCAA
are thus keto- and glucogenic.

Based on distribution data from the 1988-1994 NHANES III, mean
daily intakes for all life stage and gender groups of leucine (Appendix
Table D-10), isoleucine (Appendix Table D-9) and valine (Appendix Table
D-19) from food and supplements are 6.1, 3.6, and 4.0 g/d, respectively.
Men 51 through 70 years of age had the highest intakes at the 99th per-
centile for leucine at 14.1 g/d, isoleucine at 8.2 g/d, and valine at 9.1 g/d.

Hazard Identification

Blood and tissue concentrations of BCAA are altered by several dis-
ease and abnormal physiological states, including diabetes mellitus, liver
dysfunction, starvation, protein—calorie malnutrition, alcoholism, and
obesity. These and other conditions sometimes produce drastic alterations
in plasma pools of BCAA (Amen and Yoshimura, 1981). Markedly elevated
concentrations of BCAA and branched-chain o-keto acids are associated
with maple-syrup urine disease; the latter is caused by an inborn error of
metabolism in which BCKAD is low or absent (Hutson and Harper, 1981).
BCAA imbalances appear not to cause these various diseases and physi-
ological abnormalities, but rather result from them. Numerous investiga-
tions of interrelationships of BCAA in patients having one or more of
these conditions have been undertaken; their usefulness for assessing risks
to healthy populations is in most cases questionable (LSRO, 1992).

One other set of interactions, in this case concerning BCAA and other
amino acids, may be of significance in assessing human risks associated
with supplementation. Thus, it has been well established that the BCAA
compete with other large neutral amino acids (LNAA, particularly tryptophan
and tyrosine) for membrane transport (Anderson and Johnston, 1983).
Although the BCAA do not act as direct precursors for neurotransmitters,
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they can affect transport of certain LNAA across the blood—brain barrier,
and thereby influence central nervous system concentrations of certain
neurotransmitters. Fernstrom and coworkers (1973) demonstrated, for
example, that brain tryptophan levels in rats decrease as the ratio of plasma
tryptophan to other LNAA, including the BCAA, declines.

Influences on and Consequences of Metabolism. BCAA-transaminase
(BCAAT) exists in at least three different subtypes, and its tissue and
cellular distribution varies across species. Differences between rats and
humans in this regard raise the possibility that, to the extent that adverse
biological effects of the BCAA are dependent upon metabolism, rodent
data may not be completely predictive of human responses (Harper et al.,
1984). BCKA-dehydrogenase (BCKAD) appears to display similar inter-
species variability. It should be noted, however, that in most of the animal
studies reported below, it is not entirely clear that these various enzyme
activities are critical determinants of the effects seen. Thus, while the
animal data must be interpreted with caution, there is no well-established
basis for disregarding them entirely.

Among the BCAA, leucine appears to exhibit the highest degree of
metabolic activity, although this conclusion may arise at least partially
because it has been the subject of more study than isoleucine and valine.
Leucine may affect muscle protein turnover (Elia and Livesey, 1983) and
stimulate insulin release and tissue sensitivity (Frexes-Steed et al., 1990) as
well as somatostatin, glycogen, and zinc release (Danner and Elsas, 1989).
Itis unclear whether any of these effects have adverse health consequences.

Adverse Effects in Humans. BCAA-enriched protein or amino acid mix-
tures and, in some cases, BCAA alone, have been used in the treatment of
a variety of metabolic disorders. These amino acids have received consid-
erable attention in efforts to reduce brain uptake of aromatic amino acids
and to raise low circulating levels of BCAA in patients with chronic liver
disease and encephalopathy (LSRO, 1992; Marchesini et al., 1990; Skeie et
al., 1990). They have also been used in parenteral nutrition of patients
with sepsis and other abnormalities. Although no adverse effects have been
reported in these studies, it is not clear that such effects have been care-
fully monitored (Skeie et al., 1990). Additionally, the data from these
studies, because they involved patients with significant and sometimes
unusual disease states, are not directly relevant to the problem of assessing
risks to normal, healthy humans.

Most studies of the effects of BCAA supplementation involving healthy
individuals have been directed at their potential for improving physical or
mental performance. It has been hypothesized that BCAA supplementa-
tion may reduce muscle catabolism associated with exercise, fasting, or



706 DIETARY REFERENCE INTAKES

metabolic stress (Hood and Terjung, 1990), and may reduce fatigue asso-
ciated with increased central nervous system concentrations of serotonin
(Newsholme et al., 1991). The first hypothesis is based on the fact that, in
humans, the highest concentrations of BCAAT, the catalyst for BCAA
oxidation, are found in muscle; the second hypotheses relates to the fact
that high circulatory levels of BCAA interfere with the transport of
tryptophan, a serotonin precursor, across the blood-brain barrier. Of the
individual BCAA, leucine has received the most study, because of its rela-
tively greater rate of oxidation and because it is associated with the rapid
release of glucogenic precursors from muscle.

There have been several reports of clinical trials in which groups of
healthy humans, in most cases trained athletes, were given high doses of
leucine by intravenous infusion (Abumrad et al., 1982; Elia and Livesey,
1983; Eriksson et al., 1983; Hagenfeldt et al., 1980; Tarnopolsky et al.,
1991). Most of the studies involved a single dose of the amino acid. These
trials measured physical and mental performance, the impact on blood
levels of other amino acids, and in one case, of insulin and glucose output.
Although some evidence of reduced muscle catabolism and clear evidence
of an impact on blood concentrations of other amino acids (most espe-
cially, declines in the other BCAA and several other neutral amino acids)
can be found in these reports, none of these provides evidence of an
adverse effect of leucine. In fact, in one study glutamine output from
forearm muscle was significantly increased (Abumrad et al., 1982). It
should be noted, however, that possible side effects in all studies were
those that might have been recognized subjectively. No potential func-
tional changes were investigated in any of these studies. Thus, although
this collection of studies provides no evidence of adverse effects of high
doses of leucine, they are of highly limited value in assessing health risks.

Maple Syrup Urine Disease (MSUD). The most common disorder asso-
ciated with genetic anomalies in BCAA metabolism is Maple Syrup Urine
Disease (MSUD), a condition brought about by lack of adequate function
in BCKAD. The disorder, which can be diagnosed in the neonatal period,
is characterized by very high plasma levels of BCAA, especially leucine.
There are six other forms of the condition that have onsets later in life;
these different forms are associated with different abnormal subtypes of
BCKAD. MSUD is associated with mental retardation and even early death
and is treated by dietary control of BCAA. Other less common metabolic
disorders are associated with genetic anomalies in specific enzymes involved
in BCAA metabolism (LSRO, 1992; Sweetman, 1989). Information on these
disorders provides no data helpful to assessing risks in normal popula-
tions; the affected populations require medical management involving
severe restriction of BCAA consumption.
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Adverse Effects in Animals. There have been a relatively large number
of studies in rats of high levels of BCAA administration and, in some cases,
of individual BCAA (particularly leucine). The largest share of these inves-
tigations followed the observation that the BCAA compete with other
LNAA (tryptophan, tyrosine) for the blood—brain carrier system (Ashley
and Anderson, 1975; Fernstrom et al., 1973). Of particular interest has
been the effect of BCAA-induced changes in LNAA/BCAA ratios, and the
effects of LNAA and neurotransmitter brain concentrations on food intake
and body weight.

Peters and Harper (1987) demonstrated that protein intake was,
however, not affected by BCAA-induced changes in neurotransmitter con-
centrations. In another study, BCAA dosing lowered plasma and brain
concentrations of all indispensable amino acids, but there appeared to be
no consistent association of these alterations with protein selection
(Anderson et al., 1990). Indeed, given a choice, rats adjusted their dietary
intakes in response to supplementation with BCAA.

It appears, however, that the creation of imbalances among the BCAA
(e.g., by dosing with high levels of any one of them) may sometimes induce
reductions in appetite and growth (Block, 1989; Harper et al., 1984). How-
ever, these imbalances, which lead to catabolism of muscle, occur only in
rats on marginally adequate protein diets (Block, 1989). Thus, for example,
Harper et al. (1984) demonstrated that high dietary levels of leucine sup-
pressed the growth of rats fed a low protein diet, and that the growth
suppression could be prevented by supplementation with isoleucine and
valine. There have been a number of attempts to study BCAA antagonisms
in various tissues, and it appears that muscle is the major contributor to
the depletion of isoleucine and valine pools in animals consuming high
leucine diets. It is not at all clear that induced BCAA imbalances (except
possibly in the case of animals on marginally adequate protein diets) have
any adverse effects on growth.

The consequences of reduced brain concentrations of neurotransmitters
observed in these animal studies that may be associated with high level
BCAA supplementation are not entirely clear, nor is their relevance to
humans certain, given the known interspecies differences in the activities
and tissue distribution of BCAAT and BCKAD.

Kawabe and coworkers (1996) reported on a subchronic feeding study
in which L-isoleucine was administered to groups of 10 rats at dietary con-
centrations of 0, 1.25, 2.5, 5.0, or 8.0 percent for 13 weeks. The amino acid
caused no changes in body weights, food consumption, or hematological
parameters. At the highest dietary level, increased urine volumes and rela-
tive kidney weights and urine pH, together with some alterations in serum
electrolytes, were clearly related to treatment. Minimal changes were
observed at the 5.0 percent dietary level, although no histopathological
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alterations were observed in any organs of either gender. No alterations of
any type were observed at the 2.5 percent dietary level (corresponding to
about 1,800 mg/kg/d).

There is evidence that isoleucine acts as a promoter of urinary bladder
carcinogenesis in rats (Kakizoe et al., 1983; Nishio et al., 1986). Thus,
Kakizoe and coworkers (1983) exposed 6-week-old rats to low doses of
N-butyl-N (4-hydroxybutyl) nitrosamine (BHBN), a known initiator of cancer
of the urinary bladder, and supplemented their diets with isoleucine or
leucine. After 40 weeks, the incidence of papillomas was significantly
elevated in rats receiving isoleucine plus BHBN over that observed in the
group receiving BHBN alone. In a follow-up study of similar design, Nishio
and coworkers (1986) extended the experimental period to 60 weeks and
included diets supplemented with 2 or 4 percent isoleucine or leucine. In
this case, both dose levels of both amino acids significantly increased
bladder carcinoma incidence over groups receiving BHBN alone or groups
receiving amino acids alone (see Table 10-28). It thus appears that both
leucine and isoleucine are potent promoters of bladder neoplasms in rats
at dietary levels of 2 percent and above; a no-effect level was not identified
in either of the above studies. There is no evidence that either amino acid
is carcinogenic in the absence of an initiating agent.

Developmental Studies. Persaud (1969) reported that leucine is a
teratogen when it is administered by intraperitoneal injection in pregnant
female rats at doses as low as 15 mg/kg of body weight. The author sug-
gested that the effects, which were multiple and serious, may have resulted
from amino acid imbalances that adversely affected protein synthesis dur-

TABLE 10-28 Incidences of Bladder Carcinomas in Rats After
60 Weeks

Dietary Levels?®

Added Substance 0% 2% 4%
Isoleucine or leucine 0 0 0
BHBN 0

BHBN and isoleucine 46 77
BHBN and leucine 52 74

@ Dietary level refers to level of amino acid addition. N-butyl-N (4-hydroxybutyl) nitro-
samine (BHNB) was administered at a dose below that known to induce bladder tu-
mors. No papillomas or preneoplastic lesions were observed in the control groups or in
the amino acid groups.
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ing embryonic development. No attempt has been made to determine
whether orally administered BCAA have any such effect.

Matsueda and Niiyama (1982) reported on the effects of dietary sup-
plementation with the individual BCAA on maintenance and outcome of
pregnancy in rats. Pregnant rats were fed a low protein (6 percent casein)
diet supplemented with 5 percent leucine, isoleucine, or valine. Four control
groups were administered the 6 percent casein diet; it was stated (without
documentation) that the four control groups were given the 6 percent
diets in amounts matching those of pair-fed BCAA groups.

Only 11 out of 20 possible pregnancies were maintained in rats admin-
istered leucine and isoleucine (2/10 for the leucine groups and 9/10 for
the isoleucine groups). No consistent effects on food intake and maternal
body weight gain were observed, except for an increase in both in valine-
supplemented dams. All fetal weights in the BCAA groups were less than
those in ad libitum controls, and fetal weights in the isoleucine and valine
groups (but not the leucine groups) were less than those in pair-fed
controls; this same pattern was observed when fetal brain weights were
analyzed. In all three BCAA-fed groups, brain concentrations of BCAA,
histidine, and arginine were greatly increased relative to ad libitum con-
trols, but no such effects were seen for glutamate or phenylalanine.

This study suggests that BCAA when administered to pregnant rats at
high doses (dietary levels of 5 percent, corresponding roughly to a daily
dose of 2,000 mg/kg) may reduce fetal body weight and relative brain
weights and cause sharp increases in brain concentrations of certain amino
acids.

Thoemke and Huether (1984) bred rats for three generations on diets
enriched with BCAA at 10 g/kg for each amino acid. They also concurrently
studied the effects of tryptophan, tyrosine, and phenylalanine supplementa-
tion. Feeding of the supplemented diets commenced in both genders two
weeks before mating, and continued through three generations (F1, F2,
F3). BCAA caused, as expected, decreases in serum levels of tryptophan
and tyrosine in F3 dams, and increases in serum glycine. There were, how-
ever, no such differences observed in dams of the F1 and F2 generations
and no changes in BCAA levels were observed in any generation. In the F1
generation, diets supplemented with BCAA caused significant decreases in
brain weights at days 5 and 10 postpartum, but weights were, in all cases,
normal by day 20. In the F2 and F3 generations, however, pup brain
weights were reduced at day 5 and did not recover by day 20. The concen-
trations of neurotransmitters were decreased in the brain in all three
generations, with the most significant decrease seen for aspartate; no func-
tional measurements were made to assess the possible effects of these
declines in neurotransmitter concentrations.
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It is thus clear that alterations in brain chemistry, most especially
declines in neurotransmitter concentrations and reductions in brain
weight, can be seen in offspring of rats fed supplemental BCAA at 30 g/kg
diet (10 g/kg for each amino acid). Assuming that female rats weigh an
average of 200 g during gestation and consume about 15 g food/d, then
the 30 g/kg level of BCAA corresponds to about 450 mg/d, or a daily dose
of 2,250 mg/kg (about 750 mg/kg for each amino acid). This study
involved only a single level of supplementation, so a “no-effect” level was
not identified.

Summary. There are no reports of adverse health effects associated
with normal diets containing BCAA, nor have such effects been reported
in healthy persons receiving single, infused supplemental BCAA doses as
high as 9.75 g. The several studies in which such large supplemental doses
were given are highly limited as a basis for reaching conclusions about
safety because most involved only a single dose, and none involved an
attempt to assess any functional changes. In some human studies, espe-
cially those involving high doses of leucine, metabolic alterations were
observed, typically expressed as declines in blood levels of LNAA, including
neurotransmitter precursors. In one study, insulin sensitivity was increased
by BCAA supplementation.

The effects of BCAA on plasma and whole blood concentrations of
amino acids have been convincingly and repeatedly observed under a
variety of conditions in experimental animal studies. BCAA compete among
themselves and with other LNAA, and these competitive interactions may
affect growth and appetite (although significant only in animals on diets
marginally adequate in protein). Changes in brain concentrations of
neurotransmitters precursors (tryptophan and tyrosine) have also been
demonstrated at various levels of supplementation.

Developmental studies in rats also reveal the effect of BCAA supple-
mentation on fetal brain concentrations of neurotransmitters in successive
generations of animals. Fetal brain weights are also reduced across genera-
tions. Decreases in viable pregnancies have been seen in rats administered
supplemental leucine and isoleucine.

Leucine and isoleucine have both been shown to promote bladder
carcinogenesis in a two-stage rat model. Neither has been demonstrated to
be carcinogenically active in the absence of an initiating agent. A recent
13-week study in rats involving isoleucine provided no evidence that this
amino acid could induce pre-neoplastic lesions in the urinary bladder, but
did reveal that isoleucine could increase urine volume and pH and relative
kidney weights at very high dietary levels. Such effects are generally species
specific.
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Dose—Response Assessment

There are no adequate dose-response data from human or animal
studies upon which to base a UL for BCAA. Tumor promotion data from
rat studies cannot be used reliably to assess human risk. It is not at all clear
that such two-stage models, involving an initiating agent, are relevant to
expected conditions of human exposure (Williams and Whysner, 1996).

Cysteine

L-Cysteine, a dispensable amino acid, is formed metabolically from
L-methionine and L-serine. It is interconvertible to cystine, and for pur-
poses of this report, L-cysteine and L-cystine are considered together.
Based on distribution data from the 1988-1994 NHANES III, the mean
daily intake for all life stage and gender groups of cysteine from food and
supplements is 1.0 g/d (Appendix Table D-5). Men 51 through 70 years of
age had the highest intakes at the 99th percentile of 2.2 g/d.

Hazard Identification

Acute Adverse Effects in Animals. 1L-Cysteine is mutagenic in bacteria
(Glatt, 1989), but not in mammalian cells (Glatt, 1990). L-Cysteine has
been identified as a neuro excitotoxin due to its interaction with N-methyl-
D-aspartate (NDMA) receptors (Olney, 1994). Administration to perinatal
mice or rats that have an immature blood-brain barrier produces neuro-
toxicity. Swiss Webster albino mice, 10 to 12 days old, were given a single
oral dose of 3 g/kg of body weight of L-cysteine (Olney and Ho, 1970). At
5 hours after treatment, necrosis of hypothalamic neurons was found, as
well as retinal lesions.

In male Wistar rats injected intraperitoneally with 1.0 mmol/kg of
body weight of cysteine, blood levels of cysteine peaked at about 2 mM at
30 minutes (Calabrese et al., 1997). At 1 hour, exposure produced elevated
brain levels of malondialdehyde in the substantia nigra. Subcutaneous
injection of 4-day-old Sprague-Dawley rats with L-cysteine 0.5 g/kg of body
weight produced no subsequent effect on neurotransmitter or neuropeptide
systems in the striatum at 35 days of age (Sivam and Chermak, 1992).

In addition to the report of Olney and Ho (1970) on retinal lesions in
mice, subcutaneous injection of 9- to 10-day-old Wistar rats with L-cysteine
at 1.2 mg/g body weight produced permanent dystrophy of the inner layers
of the retina (Karlsen and Pedersen, 1982).
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Acute administration of L-cysteine to rats at a dose of 1.9 g/kg was
reported to produce ultrastructural alterations of testicular Sertoli cells
and spermatids (Bernacchi et al., 1993).

Acute Adverse Effects in Humans. Single oral doses of 5 and 10 g of
L-cysteine have produced nausea and light-headedness in normal humans
(Carlson et al., 1989). Reports of chronic administration of L-cysteine to
humans were not found.

Dose—Response Assessment

The data on adverse effects of L-cysteine and L-cystine intake from
supplements were not considered sufficient for a dose-response assess-
ment and derivation of a UL.

Glutamic Acid, Including Its Sodium Salt

Dietary glutamate is almost totally extracted by the gut and is metabo-
lized rapidly by transamination to o-ketoglutarate, and hence to other
intermediary metabolites, notably alanine. The glutamate that escapes
capture by the gut is largely taken up by the liver. Glutamate is also synthe-
sized endogenously as a product of transamination of other amino acids
during the catabolism of arginine, proline, and histidine, and by the action
of glutaminase on glutamine. Its importance in metabolism is that it is a
dispensable amino acid that plays a role in the shuttle of nitrogen from
amino acid catabolism to urea synthesis through its transamination
reamination reactions, and behaves as a neurotransmitter in the brain.

Based on distribution data from the 1988-1994 NHANES III, mean
daily intakes for all life stage and gender groups of glutamic acid from
food and supplements are approximately 15 g/d (Appendix Table D-6).
Men 31 through 50 years of age had the highest intakes at the 99th per-
centile of 33.7 g/d.

Hazard Identification

Most of the body’s free glutamate pool is concentrated in the tissues,
especially brain (homogenate, 10 mmol/L; synaptic vesicles, 100 mmol/L)
(Meldrum, 2000). By contrast, the concentration of glutamate in the blood
is low, typically about 50 pmol/L in the fasting state (Stegink et al., 1982a,
1983a, 1983b). During absorption of a high-protein meal (1g protein/kg/d),
there is about a twofold rise in the concentration of glutamic acid in the
systemic plasma (Stegink et al., 1982a), returning to baseline 8 hours after
the meal. Addition of monosodium glutamate (34 mg/kg) to the meal,
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which increased the total glutamate intake by 16 percent, did not result in
any further increase in glutamate concentration. However, a larger dose of
glutamate, 150 mg/kg/d, which increased the total intake by 69 percent,
resulted in a larger increase in glutamate level than the meal alone (by
about 50 percent) (Stegink et al., 1983b). Both the peak level achieved
and the time course of rise in glutamate level have been shown to be
highly dependent on the way in which the glutamate is ingested. A single
drink of glutamate (150 mg/kg) in water resulted in a large and rapid rise
in the plasma level, peaking at about 12 times the basal level at 45 minutes,
and falling quickly thereafter (Stegink et al., 1983a). By contrast, a meal
consisting of a liquid formula substantially inhibited the rise in glutamate
level (Stegink et al., 1983a).

Adverse Effects in Animals. The adverse effects of glutamic acid and its
salts have been reviewed in great detail by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) (JECFA, 1988) and the American
Institute of Nutrition of the Federation of American Societies for Experi-
mental Biology (FASEB) (Raiten et al., 1995). The acute toxicity has been
evaluated in several animal species, with LD, values for the oral route of
administration ranging from 16,200 to 19,200 mg/kg of body weight in
mice, 10,000 to 19,900 mg/kg of body weight in rats, and greater than
2,300 mg/kg of body weight in rabbits (JECFA, 1988), indicating a low
level of acute toxicity. Subchronic studies in mice showed an increase in
body fat and female sterility in animals that had been subcutaneously
injected with glutamate (2.2 to 4.2 g/kg/d) from day 1 to day 10 of life
(Olney, 1969). Mice given subcutaneous injections of glutamate (3 g/kg)
at 2 days of age were also found to have higher body weights (Olney,
1969). In similar studies on rats given up to 2.0 g/kg/d of glutamate, no
effects on body weight, growth, and the volume and weights of several
organs were detected (Hara et al., 1962). Other studies showed no effects
of glutamate on learning or recovery from electroconvulsive shock (Porter
and Griffin, 1950; Stellar and McElroy, 1948).

Longer-term investigations of the effects of glutamate in animals have
revealed few adverse effects. In two studies on mice given glutamate (1 or
4 percent of the diet) for 2 years, no increase in the incidence of malig-
nant tumors was shown, and in other respects the animals were normal
(Ebert, 1979b; JECFA, 1988). Similar negative results were reported from
chronic studies (2 year) in rats given diets containing 0, 0.1, and 0.4 per-
cent glutamate (JECFA, 1988) and in rats given diets containing 0, 1, 2,
and 4 percent glutamate (Owen et al., 1978a). In addition, rats given diets
with 0.1 or 0.4 percent glutamate showed no adverse effects on fertility
and survival of the young (Ebert, 1979a). Moreover, no adverse effects on
body weight gain, food consumption, behavior, electrocardiogram, ophthal-
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mology, hematology, blood chemistry, organ weights, kidney function, or
mortality were observed in dogs given diets with 0, 2.5, 5, or 10 percent
glutamate (Owen et al., 1978b).

Adverse Effects in Humans. In humans there is a direct relationship
between serum glutamate level and nausea and vomiting with concentra-
tions above 1 mmol/L resulting in vomiting in 50 percent of the individuals
(Levey et al., 1949). Glutamate has been used for treatment of a variety of
medical conditions. For example, arginine glutamate has been given to
treat ammonia intoxication, at a dose of 50 g every 8 hours, but no more
than 25 g over 1 to 2 hours in order to avoid vomiting (Martindale, 1967).
Chronic glutamate treatment of children with approximately 0.3 g/d of
glutamic acid for 6 months (Zimmerman and Burgemeister, 1959) and
adults with 45 g/d for 10 weeks (Himwich et al., 1954) showed no adverse
effects.

Despite the generally low level of toxicity of glutamic acid demon-
strated in the studies on animals and humans, there has remained concern
over its continued use as a flavor-enhancing agent. This has been fueled by
the discovery that high doses of glutamate can under certain circumstances
be neurotoxic (Olney, 1969), and by the reported occurrence of distressing
symptoms after the consumption of Asian foods, generally known as Chinese
restaurant syndrome. As glutamate is an excitatory neurotransmitter, its
potential for neurotoxicity has been studied extensively. In 1957 it was
shown that injection of glutamate into suckling mice resulted in degenera-
tion of the inner neural layers of the retina (Lucas and Newhouse, 1957).
Later work showed that neuronal destruction also occurred in several
regions of the brain in mice after glutamate was parenterally administered
(Olney, 1969). Neurons are destroyed by excessive activation by glutamate
of excitatory receptors located on the dendrosomal surfaces of neurons
(Olney, 1989). The most sensitive areas of the brain are those that are
relatively unprotected by the blood-brain barrier, notably the arcuate
nucleus of the hypothalamus.

In a detailed analysis of the literature on the neurotoxic effects of
glutamate in several species, JECFA (1988) concluded that parenteral
administration of glutamate results in reproducible lesions in the central
nervous system. However, lesions have never been observed in animals
taking glutamate with food, although lesions were noted when the
glutamate was given as a large dose by gavage. The neonatal mouse is the
most sensitive, the sensitivity declining in weanlings through adults. More-
over, the sensitivity is lower in rats, hamsters, guinea pigs, and rabbits, and
effects have rarely been detected in nonhuman primates. In addition, there
have been a number of reports of behavioral abnormalities in mice and
rats given large doses of glutamate in the early neonatal period (Berry et



PROTEIN AND AMINO ACIDS 715

al., 1974; Iwata et al., 1979; Nikoletseas, 1977; Olivo et al., 1986; Pinto-
Scognamiglio et al., 1972; Poon and Cameron, 1978; Pradhan and Lynch,
1972). There are also reports of reproductive abnormalities in animals
given glutamate as neonates (Lamperti and Blaha, 1976, 1980; Matsuzawa
et al., 1979; Pizzi et al., 1977). However, a number of other studies have
shown no effect on reproduction (Anantharaman, 1979; Prosky and
O’Dell, 1972; Yonetani et al., 1979), and one study reported an enhance-
ment of fertility (Semprini et al., 1971).

No signs of neurological damage have been reported in humans. For
example, in adult males given a chemically defined diet in which glutamate
was the only source of dispensable nitrogen for periods of 14 to 42 days,
no changes in neurologic or hepatic function were detected (Bazzano et
al., 1970). However, concern was raised by a report that a large dose of
glutamate taken orally stimulated the secretion of prolactin and cortisol
(Carlson et al., 1989). Earlier findings that rats injected with 1 g/kg of
glutamate showed stimulation in the secretion of luteinizing hormone and
testosterone (Olney et al., 1976) were interpreted as indicating that the
high concentration of glutamate had penetrated the neuroendocrine parts
of the hypothalamus. Similarly, it was shown that the same dose of
glutamate stimulated release of prolactin and inhibited the release of
growth hormone (Terry et al., 1981). The data of Carlson and coworkers
(1989) might therefore be interpreted to imply that the elevated concen-
tration of glutamate was penetrating the hypothalamus in humans, and
that neuroendocrine disturbances might be a potential consequence. How-
ever, a more recent and more strictly controlled study, employing 12.7 g of
monosodium glutamate (160 mg/kg of body weight), failed to show
significant changes in prolactin and cortisol or of luteinizing hormone,
follicle stimulating hormone, growth hormone, or thyroid stimulating hor-
mone (Fernstrom et al., 1996).

Chinese Restaurant Syndrome. Despite the failure to show any neurological
damage in humans resulting from glutamate ingestion, there are many
reports of symptoms associated with Chinese Restaurant Syndrome, also
called MSG (monosodium glutamate) Symptom Complex (Raiten et al.,
1995) and Idiosyncratic Intolerance. These symptoms, which have fre-
quently been reported anecdotally after eating Asian food, have been
described as a burning sensation at the back of the neck, forearms, and
chest; facial pressure or tightness; chest pain; headache; nausea; upper
body tingling and weakness; palpitation; numbness in the back of the neck,
arms, and back; and drowsiness. After initial reports of this complaint, the
symptoms were attributed to the high concentration of MSG in Asian food
(Ambos et al., 1968; Schaumburg and Byck, 1968).
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Studies indicated that some of those who reported being susceptible
were sensitive to less than 3 g, and that all but one of those studied suffered
some symptom at sufficiently high doses (Schaumburg et al., 1969). Later
work suggested that as many as 25 to 30 percent of the population might
be susceptible (Kenney and Tidball, 1972; Reif-Lehrer, 1976). However, a
more recent assessment, using a randomized double-blind crossover design
in which the characteristic taste of MSG had been carefully disguised, failed
to detect any greater incidence of adverse symptoms after consuming
glutamate at a meal (1.5 or 3 g) compared with the placebo (Tarasoff and
Kelly, 1993). In fact, a significant negative correlation was found between
MSG dose and adverse symptoms. In another study, six adults who believed
themselves to be sensitive to MSG were challenged with MSG (6 g) or
placebo in a strongly flavored drink to mask the MSG in a double-blind
study (Kenney, 1986). Four of the six did not react to either MSG or the
placebo, whereas the other two reacted to both. Similarly, 24 individuals,
18 of whom believed themselves to be subject to flushing symptoms after
eating Chinese food, were challenged with MSG (3 to 18.5 g), but no cases
of flushing occurred (Wilkin, 1986).

Thus in 1988, JECFA concluded that properly conducted and con-
trolled clinical trials had failed to establish a relationship between Chinese
Restaurant Syndrome and the ingestion of MSG. Subsequently, the FASEB
report (Raiten et al., 1995) concluded that there was no scientifically
verifiable evidence of adverse effects in most individuals exposed to high
levels of MSG.

FASEB (Raiten et al., 1995) also acknowledged that there was suffi-
cient evidence for the existence of a small subgroup of healthy people that
were sensitive to MSG, and that they showed symptoms when exposed to
an oral dose of 3 g in the absence of food. A recent double-blind, placebo-
controlled study on a self-selected group of individuals who believed them-
selves to be sensitive to MSG has shown that many have the specific symptoms
under experimental conditions that they had previously identified as
representing their sensitivity to MSG (Yang et al., 1997). They also identi-
fied a dose of 2.5 g as the threshold for the induction of symptoms. A
more recent study of similar design confirmed these findings, and also
reported that responses did not occur when MSG was given with food
(Geha et al., 2000). It was also noted that neither persistent nor serious
effects from MSG were observed.

Asthma. Triggering of asthma was another, and potentially more
serious, symptom of the MSG Symptom Complex listed by FASEB (Raiten
et al., 1995). A recent review by Stevenson (2000) analyzed six studies on
asthmatic patients, and has pointed out a number of deficiencies. Two
studies indicated that single-blind administration of MSG (1.5 to 2.5 g) was
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associated with bronchospasm in 14 of 32 (Allen et al., 1987) and 2 of 30
asthmatics (Moneret-Vautrin, 1987). However, the subsequent four studies,
employing double-blind approaches, showed no incidence of broncho-
spasm after MSG ingestion in a total of 45 asthmatic patients (Germano et
al., 1991; Schwartzstein et al., 1987; Woessner et al., 1999; Woods et al.,
1998). Clearly there is a need for further study in this area to clarify the
inconsistencies, but overall they show no convincing evidence that MSG
precipitates asthma attacks.

It has also been suggested that MSG exacerbates urticaria. In a single
systematic study of patients with chronic idiopathic urticaria, involving
single- and double-blind, placebo-controlled challenges, two patients had
positive single-blind, but neither had positive double-blind challenges, sug-
gesting that only a very small proportion of the patients, if any, were sensi-
tive to MSG (Simon, 2000).

Dose—Response Assessment

Despite the large number of studies of glutamate toxicity in animals
and humans, there appear to be very few adverse effects of L-glutamate
consumption that have significance for humans. The possible involvement
of glutamate in the MSG Symptom Complex is not yet established and is of
little concern, as there is no evidence that it has any impact on overall
health. Although there is no convincing evidence that MSG precipitates
asthma attacks, this is an area that needs further study. There is continu-
ing controversy about the potential neurotoxicity of glutamate, but data in
this area are conflicting and not sufficient for a dose—response assessment.
Thus, a UL for L-glutamate from supplements cannot be established at the
present time.

Glutamine

L-Glutamine, a dispensable amino acid, taken orally, is metabolized
primarily in the splanchnic tissues. After absorption it is extensively
metabolized to citrulline, arginine, glutamate, and proline (Reeds and
Burrin, 2001). Extensive metabolism also occurs in lymphocytes, kidney,
and liver. However, glutamine is simultaneously being synthesized in many
tissues, especially muscle, intestine, brain, and liver (LSRO, 1992). The
endogenous rate of production by the adult whole body has been esti-
mated to be 60 to 100 g/d (van Acker et al., 1999). The two enzymes
primarily responsible for glutamine metabolism are glutaminase, which
converts glutamine to glutamate and ammonia, and glutamine synthetase,
which synthesizes glutamine from glutamate and ammonia. Because high
concentrations of either glutamic acid or ammonia are known to be
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neurotoxic, hyperammonemia and hyperglutamic-acidemia are important
potential hazards of glutamine consumption.

Hazard Identification

Ziegler and coworkers (1990) performed several individual studies to
examine glutamine safety under different circumstances. In the first study,
six volunteers were given a single oral dose of glutamine at three different
doses (0, 0.1, and 0.3 g/kg of body weight) and monitored for 4 hours. A
second study in nine volunteers was performed to investigate the effects of
intravenous infusion of glutamine at three doses (0, 0.0125, and 0.025 g/kg
body weight/hour) for 4 hours. A third study in seven volunteers was
designed to investigate the effects of glutamine-supplemented total parenteral
nutrition (TPN) (0, 0.285, and 0.570 g/kg body weight/d) over 5 days. A
pharmacokinetic study over 4 hours was also performed in three volun-
teers. After single oral doses, plasma glutamine concentrations rose in
proportion to the dose given, by approximately twofold after 1 hour for
the higher dose, and returned to basal within 4 hours. During infusions of
glutamine in volunteers, with or without TPN, the plasma glutamine con-
centration remained elevated by about 30 percent, and no significant
changes in plasma glutamate or ammonia were seen. In the two studies of
glutamine-supplemented TPN, when serial assessments of mental status
were made, there was no evidence of neurotoxicity. Overall, there were no
indications of adverse effects at any dose when glutamine was given by
either the oral or intravenous route.

Hornsby-Lewis and coworkers (1994) examined the effects of glutamine
supplementation in seven patients for up to 4 weeks while receiving TPN
plus glutamine at a single dose of 0.285 g/kg body weight/d. There was no
significant increase in plasma glutamine concentration, and no other
adverse effects were observed, but the authors noted their concern regard-
ing elevations in liver enzymes.

In a randomized, double-blind, controlled study, normal TPN in
60 patients was compared with isonitrogenous TPN including alanyl-
glutamine (0.5 g/kg body weight/d, equivalent to 0.34 g/kg/d of glutamine)
in 60 patients for 6 days (Jiang et al., 1999). After 6 days the plasma
glutamine was increased by 8 percent in the treated group compared with
a decrease of 15 percent in the controls. No indications of adverse effects
were apparent. Morlion and coworkers (1998) described the results of 28
elective surgery patients given TPN containing alanyl-glutamine (0.3 g/kg/
d) or an isonitrogenous control. Plasma glutamine was modestly increased
and nitrogen balances were improved compared with the control group.
In addition, no adverse effects were observed.
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Lacey and coworkers (1996) carried out a randomized, double-blind
study of glutamine-supplemented parenteral nutrition (20 percent of
amino acids) in 44 preterm neonates for 15 days. On the basis of plasma
ammonia and glutamate levels and the absence of clinical signs of neuro-
toxicity, it was concluded that glutamine at this dose is safe in preterm
infants. Also, Roig and coworkers (1996) reported no increases in the
concentrations of glutamine, glutamate, and ammonia in very low birth-
weight infants given enteral supplements of glutamine (0.3 g/kg/d).

It is notable that despite the substantial number of published investi-
gations in which glutamine has been administered to humans, very few, if
any adverse effects have been reported. However, the published studies of
toxicity have not fully taken account of a number of important factors,
including the chronic consumption of glutamine. Glutamine is an impor-
tant fuel utilized by most rapidly growing tumors (Kovacevic and Morris,
1972), which may deplete the body’s ability to provide glutamine (Chen et
al., 1991, 1993; Klimberg and McClellan, 1996). Moreover, tumor cells are
dependent on a supply of glutamine for growth (Colquhoun and Newsholme,
1997), and the growth rates correlate with the activity of glutaminase (Knox
et al.,, 1969; Linder-Horowitz et al., 1969). Therefore, although providing
supplemental glutamine might restore the body glutamine pool, it is also
important to examine the possibility that glutamine supplements may pro-
mote cancer. However, the evidence points to the contrary, and in vivo
studies have not confirmed this suspicion (Klimberg and McClellan, 1996;
Souba, 1993). Oral administration of glutamine did not enhance tumor
growth in rats in vivo (Klimberg et al., 1990), and may even depress tumor
growth (Fahr et al., 1994; Klimberg and McClellan, 1996).

Dose—Response Assessment

The only reported adverse effect of glutamine was an increase in liver
enzymes in patients on TPN supplemented with glutamine (0.285 g/kg
body weight/d, corresponding to about 20 g/d), which resolved after
cessation of treatment (Hornsby-Lewis et al., 1994). However, in other
studies, doses up to 0.57 g/kg/d have been given without any adverse
effect being reported. Thus, the data on L-glutamine from supplements
are conflicting and are not sufficient for a dose-response assessment and
derivation of a UL.

Glycine

Glycine is a dispensable amino acid with glycogenic properties. It is
the only amino acid that does not have an asymmetric carbon atom, and
its metabolism is linked to that of L-serine. Based on distribution data
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from the 1988-1994 NHANES III, the mean daily intake for all life stage
and gender groups of glycine from food and supplements is 3.2 g/d
(Appendix Table D-7). Men 19 through 30 years of age had the highest
intakes at the 99th percentile of 7.8 g/d.

Hazard Identification

Adverse Effects in Animals. Growth depression in rats and chicks has
been reported after feeding diets containing as much as 10 percent glycine
(Harper et al., 1970). Nitrosated glycine can be genotoxic in vitro (Gaspar
et al., 1996). It is not, however, mutagenic using a modified Ames test
(Hoorn, 1989).

Adverse Effects in Humans. Surgical irrigation solutions of glycine con-
taining 1.5 or 2.2 percent glycine reportedly cause some transient adverse
effects (e.g., nausea, diarrhea, and visual disturbances) in patients after
transurethral resection of the prostate (Creel et al., 1987; Hahn, 1988;
Mizutani et al., 1990; Wang et al., 1989). In patients with schizophrenia,
oral doses of approximately 60 g/d of glycine for several weeks failed to
reveal adverse effects (Leiderman et al., 1996). There have been no
chronic dose-response studies with L-glycine in healthy humans.

Dose—Response Assessment

The data on adverse effects of glycine intake from supplements were
considered not sufficient for a dose-response assessment and deriva-
tion of a UL.

Histidine

Although histidine is generally regarded as an indispensable amino
acid (FAO/WHO/UNU, 1985), removal of histidine from the diet, unlike
the eight classical indispensable amino acids, does not induce negative
nitrogen balance in the first 10 days (Rose et al., 1951). Further, men fed
amino acid-based diets containing 10 g of nitrogen/d devoid of histidine
remained in nitrogen balance for up to 2.4 months (Rose, 1957). There
were similar reports in women (Reynolds et al., 1958) and children
(Nakagawa et al., 1963). Conversely, it has been observed that nitrogen
balance becomes gradually negative over a longer period of time and
nitrogen balance rapidly became positive upon the reintroduction of
histidine (Kopple and Swendseid, 1975).

Histidine is an important component of hemoglobin (8 percent), with
the bulk being in the globin portion. The rate of erythropoiesis decreases
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and hemoglobin falls in adults on a histidine-free diet that is reversed
when histidine is restored (Kopple and Swendseid, 1975). In addition, the
dipeptide carnosine, found in skeletal muscle, is a large store of histidine
and serve as a source of histidine (Christman, 1971). Because of these
large body pools of histidine it takes a prolonged period (more than 60 days)
to deplete an adult of histidine. Based on distribution data from the
1988-1994 NHANES III, the mean daily intake for all life stage and gender
groups of histidine from food and supplements is 2.2 g/d (Appendix
Table D-8). Men 51 through 70 years of age had the highest intakes at the
99th percentile of 5.2 g/d.

Hazard Identification

Adverse Effects in Animals. Histidine given acutely by intraperitoneal
injection or intravenously has been shown to result in changes in the
concentration of brain amino acids (Oishi et al., 1989) and histamine
(Schwartz et al., 1972). Young rats (4 to 5 weeks old) treated with an
inhibitor of histidinase exhibited reduced locomotor activity after an intra-
peritoneal injection of histidine (250 mg/kg of body weight) (Dutra-Filho
etal., 1989). Pilc and coworkers (1982) reported “bizarre behavior” in rats
dosed intraperitoneally with histidine (400 to 800 mg/kg of body weight).
These effects have not been examined in rats fed L-histidine and are of
minimal use in deriving a UL for the chronic exposure of humans to oral
L-histidine.

Feeding low-protein diets supplemented with L-histidine for 3 to 4 weeks
resulted in significant body weight losses after only several days in rats.
However, the effects became less as increasing levels of high-quality protein
were added to the diet (Benevenga and Steele, 1984).

Short-term feeding studies (7 to 46 days) in rats have shown growth
retardation, hepatomegaly, and hypercholesterolemia at L-histidine levels
of approximately 2 to 4 g/kg body weight/d (Harvey et al., 1981; Hitomi-
Ohmura et al., 1992; Ohmura et al., 1986; Solomon and Geison, 1978).
Harvey and coworkers (1981) reported significantly reduced concentra-
tions of copper and zinc in the plasma and reduced liver concentrations of
copper after feeding diets containing 8 percent L-histidine (~4 g/kg body
weight/d) for 46 days. Hypercholesterolemia was eliminated by the simul-
taneous feeding of an L-histidine- and copper-supplemented diet, support-
ing the hypothesis that the histidine-induced hypercholesterolemia was a
result of changes in copper status. Feeding mice 1.3 g L-histidine/kg body
weight/d for 21 days resulted in an increase in the absorption and utiliza-



722 DIETARY REFERENCE INTAKES

tion of zinc with higher concentrations of zinc in liver, muscle, spleen, and
pancreas (van Wouwe et al., 1989).

The long-term toxicity and carcinogenicity of L-histidine mono-
hydrochloride (HMHC) was studied in 50 male and 50 female rats (Ikezaki
et al., 1996). Male rats were fed diets containing 0.47 and 0.96 g/kg body
weight/d of HMHC for 104 weeks; female rats were fed 0.56 and 1.1 g/kg
body weight/d for the same period. No significant treatment-related
increases in any tumors were reported when compared to matched
controls. No neoplastic changes were reported in controls or treatment
groups. In male rats fed 0.96 g of HMHC/kg body weight/d, increases in
red blood cell counts, hemoglobin concentrations, and hematocrit were
reported. No evidence of sperm granulomas were observed in male rats
fed either 1.6 g of HMHC/kg body weight/d for 13 weeks or 0.97 g/kg
body weight/d for 104 weeks (Ikezaki et al., 1994, 1996).

Adverse Effects in Humans. Pinals and coworkers (1977) treated 30 rheu-
matoid arthritis patients and 30 controls daily with capsules containing 4.5 g
of L-histidine for 30 weeks in a double-blind trial followed by 19 patients
receiving this dosage for 10 additional months in a period of open treat-
ment. It is not clear which adverse effects were examined; however, the
authors concluded that no adverse effects of the histidine therapy were
noted. In a similar double-blind treatment design, Blumenkrantz and co-
workers (1975) treated 42 patients (16 chronic uremic and 26 undergoing
maintenance dialysis) with oral doses of 4 g/d of L-histidine for 17.5 weeks.
No adverse effects were reported; however, it was not evident from the
report which adverse effects were examined.

Studies on the effects of L-histidine on taste and smell acuity in
humans have produced conflicting results. Henkin and coworkers (1975)
reported decreased taste and smell acuity in six patients given 8 to 65 g of
histidine /d for up to 24 days. In view of the increased urinary excretion of
zinc and a decreased concentration of serum zinc, the authors postulated
that the effects of histidine administration were due to a zinc-deficient
state. In a study of eight healthy men given 4 g/d of histidine for 2 weeks,
no effects on smell or taste acuity were reported (Schechter and Prakash,
1979). Similarly, Geliebter and coworkers (1981) failed to find any effect
of L-histidine on taste and smell after oral dosing of L-histidine between
24 and 64 g/d for 4 weeks. Even at the lower dose (4 g/d), adverse effects
such as headaches, weakness, drowsiness, and nausea were reported, while
at the highest doses (24 and 64 g/d) anorexia, painful sensations in the
eyes, and changes in visual acuity were reported in two females.

Zlotkin (1989) reported an approximate 70 percent increase in urinary
zinc excretion in infants on TPN when the fluid contained 165 mg of
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histidine/kg body weight/d compared to 95 mg/kg body weight/d in
controls. Although the study examined parental administration, it pro-
vides further evidence that excess histidine intake in humans can lead to
histidine /zinc interactions that might lead to a zinc-deficient state.

Dose—Response Assessment

In experimental animals, the only dose-response study on the chronic
oral administration of L-histidine was that of Ikezaki and coworkers (1996).
However, this study utilized only two doses, neither of which demonstrated
any adverse effects. In addition, no data were reported on the possible
effect of the doses on zinc or copper metabolism, an effect reported in
both humans and experimental animals.

None of the studies in humans on the effects of L-histidine were
designed for developing a UL—they were designed to study the efficacy of
utilizing L-histidine as a therapeutic agent in certain disease states. They
provide only minimal support for the evaluation of a UL for histidine for
apparently healthy individuals. The chronic study on the effects of orally
administered histidine in rodents was not considered appropriate for the
development of a UL.

There is evidence in humans that doses of L-histidine between 4 and
4.5 g/d over the amounts found in the diet do not result in adverse effects.
However, this evidence should be considered tentative given the few indi-
viduals studied and lack of dose-response information. There is evidence
from studies in experimental animals and humans that intakes of high
levels of histidine can alter copper and zinc metabolism. However, the lack
of dose-response data precludes identifying the intake concentrations in
humans required to elicit such responses.

In conclusion, the available scientific data are not adequate to derive a
UL for the chronic oral intake of L-histidine from supplements.

Lysine

L-Lysine, a dibasic amino acid, is indispensable in humans. Lysine, as
well as threonine, does not participate in transamination reactions.
Carnitine is required for the transport of long-chain fatty acids and is
synthesized from lysine and methionine in the liver and kidney (Mayes,
1990). Based on distribution data from the 1988-1994 NHANES III, the
mean daily intake for all life stage and gender groups of lysine from food
and supplements is 5.3 g/d (Appendix Table D-11). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 12.6 g/d.
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Hazard Identification

Acute intake of high levels of lysine interferes with dietary protein
metabolism and competes with the transport of arginine, suggesting that
adverse effects from high levels of lysine are more likely to occur if protein
intake or dietary arginine intake is low. Intravenous L-lysine (16.5 to 41.3 g/d
in young men) has been shown to inhibit renal tubular protein reabsorp-
tion (Mogensen and Solling, 1977). L-Lysine shares an intestinal transport
system with L-arginine (McCarthy et al., 1964; Rosenberg et al., 1966), and
competes with L-arginine for reabsorption from renal tubules (Kamin and
Handler, 1951; Webber et al., 1961). In addition, increased liver total
lipids, triacylglycerol, and cholesterol concentrations were seen in rats fed
5 percent L-lysine and 15 percent casein for 2 weeks (Hevia et al., 1980a),
an effect that can be reversed by feeding arginine (Hevia et al., 1980b).

Acute Adverse Effects in Animals. Administration of lysine to pregnant
rats does not appear to result in gross morphological changes, but higher
fetal mortality and decreases in maternal and fetal body and brain weights
have been found (Cohlan and Stone, 1961; Funk et al., 1991, Matsueda
and Niiyama, 1982).

Adverse Effects in Humans. Studies of lysine tolerance of human infants
have not found adverse effects. In one study, six infants (4 to 11 months of
age) were given 60 to 1,080 mg of lysine monohydrochloride per 8 ounces
of milk in a series of seven incremental doses for 3 to 4 days at each dose.
No behavioral effects were observed, nor was there anorexia, diarrhea, or
other signs of gastrointestinal upset, and no evidence of cystinuria (Dubow
et al., 1958). Similarly, no adverse effects were reported when 1- to
5-month-old infants were given up to 220 mg/kg body weight of lysine for
15 days (Snyderman et al., 1959b).

Higher plasma and urinary concentrations of carnitine were found in
six healthy adult males given a single 5-g oral dose of lysine (Vijayasarathy
et al., 1987). In another study of eight healthy males (15 to 20 years of
age) given a single oral dose of 1.2 g of L-lysine hydrochloride, growth
hormone release was not significantly stimulated and no side effects were
reported (Isidori et al., 1981).

Several clinical trials of lysine intakes from 0.6 to 3.0 g/d for 3 to
6 months in people with herpes infections have, in general, not found or
reported any adverse effects (DiGiovanna and Blank, 1984, 1985; Griffith
et al., 1978, 1987; McCune et al., 1984; Milman et al., 1980; Simon et al.,
1985; Thein and Hurt, 1984). The one adverse effect was an upset stomach
in 3 of 27 patients given 3 g/d of L-lysine hydrochloride for 6 months and
in 1 of the 25 controls (Griffith et al., 1987).
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A limitation of these clinical studies is that they were done in humans
with a disease. Also, the longest study was only 6 months. Finally, only a
limited number of endpoints were investigated. McCune and coworkers
(1984) reported no effects on plasma sodium, potassium, and chloride
in 41 patients treated for 24 weeks with 1,248 mg/d of L-lysine
monohydrochloride.

Dose—Response Assessment

As mentioned above, very few adverse effects of L-lysine have been
observed in humans or animals after high, mostly acute, doses. Thus, the
data on the adverse effects of L-lysine from supplements were considered
not sufficient for a dose-response assessment and derivation of a UL for
apparently healthy humans.

Methionine

L-Methionine is an indispensable amino acid with glycogenic proper-
ties. In animal studies, it has been described as one of the more toxic
amino acids (Health and Welfare Canada, 1990). Humans, as well as other
mammals, cannot fix inorganic sulfur into organic molecules and must
rely on ingested sulfur amino acids, such as methionine, for the synthesis
of protein and biologically active sulfur. Based on distribution data from
the 1988-1994 NHANES III, the mean daily intake for all life stage and
gender groups of methionine from food and supplements is 1.8 g/d
(Appendix Table D-12). Men 51 through 70 years of age had the highest
intakes at the 99th percentile of 4.1 g/d.

Hazard Identification

Adverse Effects in Animals. Dietary excesses of L-methionine (2.7 per-
cent of the diet) for 6, 13, or 20 days have been associated with erythrocyte
engorgement and accumulation of hemosiderine in rats (Benevenga et al.,
1976), and there was a depression of growth and splenic damage. A single
dietary dose (2.7 percent of the diet) of L-methionine decreased body
growth and also reduced food intake in rats (Steele et al., 1979).

Dietary intakes of 2 to 4 percent of L-methionine caused slight changes
in liver cells in rats (Stekol and Szaran, 1962) and slight decreases in liver
iron content (Klavins et al., 1963). Darkened spleens caused by increases
in iron deposition have been observed in weanling rats fed 1.8 percent
methionine diets for 28 days (Celander and George, 1963).
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Viau and Leathem (1973) fed pregnant rats 4 percent of their diet as
methionine and reported subnormal fetal and placental weights. How-
ever, supplemental methionine prevented neural tube defects in rat
embryos treated with teratogenic antivisceral yolk sac serum (Fawcett et
al., 2000). In the mouse, the administration of methionine reduced
experimentally induced spina bifida (Ehlers et al., 1994). Other studies in
rodent and primate models support the beneficial effect of methionine
supplementation in improving pregnancy outcomes (Chambers et al.,
1995; Chatot et al., 1984; Coelho and Klein, 1990; Ferrari et al., 1994;
Moephuli et al., 1997).

Adverse Effects in Humans. Single oral doses of about 0.6 g (adults) and
0.08 g (infants) led to increased plasma levels of L-methionine and
L-alanine, and decreased plasma concentrations of leucine, isoleucine,
valine, tyrosine, tryptophan, and phenylalanine (Stegink et al., 1980, 1982b).
Neither report included mention of any adverse effects. Methionine
supplements (5 g/d) for periods of weeks were reportedly innocuous in
humans (Health and Welfare Canada, 1990). A single oral dose of 7 g has
been associated with increased plasma concentrations of methionine and
the presence of mixed sulfides (Brattstrom et al., 1984). Single oral doses
of 7 g produced lethargy in six individuals and oral administration of 10.5 g
of L-methionine to one produced nausea and vomiting (Perry etal., 1965).
After an oral administration of 8 g/d of methionine (isomer not specified)
for 4 days, serum folate concentrations were decreased in five otherwise
healthy adults (Connor et al., 1978).

High doses of methionine (~100 mg/kg of body weight) led to
elevated plasma methionine and homocysteine concentrations (Brattstrom
et al., 1984, 1990; Clarke et al., 1991; Wilcken et al., 1983). Thus, it was
concluded that elevated plasma homocysteine concentrations may be a
risk factor for coronary disease (Clarke et al., 1991).

Infants more rapidly metabolized methionine than adults (Stegink et
al., 1982b). In women whose average daily intake of methionine was above
the lowest quartile of intake (greater than 1.34 g/d), a 30 to 40 percent
reduction in neural tube defect-affected pregnancies was observed (Shaw
et al., 1997). These reductions were observed for both anencephaly and
spina bifida.

Dose—Response Assessment

There are no adequate data to characterize a dose-response relationship
for L-methionine. Thus the data on the adverse effects of L-methionine
from supplements were considered not sufficient for a dose-response
assessment and derivation of a UL for apparently healthy humans.
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Phenylalanine

L-Phenylalanine is an indispensable amino acid that has both glycogenic
and ketogenic properties. Based on distribution data from the 1988-1994
NHANES III, the mean daily intake for all life stage and gender groups of
phenylalanine from food and supplements is 3.4 g/d (Appendix Table D-13).
Men 31 through 50 years of age had the highest intakes at the 99th per-
centile of 7.7 g/d. About 16 percent of the ingested L-phenylalanine is
converted to tyrosine in humans (Clarke and Bier, 1982). Unlike most
other amino acids, excessive ingestion of L-phenylalanine can be compli-
cated by the coexistence of genetic disorders.

Hazard Identification

Adverse Effects in Animals. Because of major species differences in
phenylalanine metabolism between humans and rodents (Clarke and
Bier, 1982; Moldawer et al., 1983), studies in which high doses of
L-phenylalanine were fed to rodents could not be utilized in developing a
UL for L-phenylalanine. There is one study indicating that high concen-
trations of L-phenylalanine (3 g/kg body weight/d) fed to monkeys from
a few days after birth until 2 or 3 years of age can produce irreversible
brain damage (Waisman and Harlow, 1965). However, this study does not
provide any dose—-response data to utilize in determining a UL.

Adverse Effects in Humans. Data are not available on the effects of
chronic ingestion of supplemental phenylalanine by apparently healthy
adults. Adverse effects were not evident following acute single oral doses
of L-phenylalanine as high as 10 g in 13 adult men (Ryan-Harshman et al.,
1987).

Most of the literature on the consumption of large doses of
L—phenylalanine consists of studies on the effects of large doses of the
artificial sweetener aspartame, which is 50 percent by weight phenylalanine.
In adults given oral doses of aspartame ranging from 4 to 200 mg/kg of
body weight (2 to 100 mg/kg of body weight L-phenylalanine), dose-related
increases in plasma phenylalanine were observed (Filer and Stegink, 1988).
Ingestion of single doses up to 60 mg/kg of body weight aspartame (30 mg/kg
of body weight L-phenylalanine) by normal weight adults had no effect on
behavior or cognitive performance (Lieberman et al., 1988; Stokes et al.,
1991).
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Dose—Response Assessment

The data on the adverse effects of L-phenylalanine intake from supple-
ments were not available for a dose-response assessment and derivation of
a UL in apparently healthy humans.

Special Considerations

Phenylketonuria (PKU) is a genetic disorder that impairs phenylalanine
hydroxylase (PAH) activity. Impaired PAH activity allows phenylalanine or
its catabolic byproducts to accumulate above normal levels in the plasma
during critical periods of brain development. Persistently elevated levels of
L-phenylalanine in the plasma before and during infancy and childhood
can result in irreversible brain damage, growth retardation, and dermato-
logic abnormalities if dietary phenylalanine is not restricted within 1 month
of birth and continued at least through childhood and adolescence
(Scriver et al., 1989). Restriction of phenylalanine intake throughout life
in PKU patients is necessary to keep plasma phenylalanine levels low and
to promote normal growth and brain development (Scriver et al., 1989). If
PKU is detected early and treated effectively through strict metabolic
control, infants can live a normal life-span (Hellekson, 2001). In the
United States, approximately 1 of every 15,000 infants is born with PKU
(Hellekson, 2001).

Maternal hyperphenylalaninemia due to deficient phenylalanine
hydroxylation is a recognized human teratogen (Lenke and Levy, 1980).
Because phenylalanine is actively transported across the placenta (Kudo
and Boyd, 1990), a pregnant woman with PKU exposes her developing
fetus to potentially harmful levels of phenylalanine. High maternal plasma
phenylalanine levels are associated with high incidence of mental retarda-
tion, microcephaly, intrauterine growth delay, and congenital heart
malformations in the fetus (Scriver et al., 1989). The fetal demand for
phenylalanine for protein synthesis is exceeded by the placental supply of
L-phenylalanine by only a small amount, suggesting that the safety margin
of placental transfer may be small (Chien et al., 1993). Careful mainte-
nance of plasma phenylalanine levels in the mother through dietary
control, before conception and throughout her pregnancy, may prevent
the teratogenic effects of phenylalanine.

Proline

L-Proline is a dispensable amino acid that can be formed from and
converted to glutamic acid. It is incorporated into tissue proteins and can
then be hydroxylated to form hydroxproline. Both proline and hydroxy-
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proline are found in large quantities in collagen. Based on distribution
data from the 1988-1994 NHANES III, the mean daily intake for all life
stage and gender groups of proline from food and supplements is 5.2 g/d
(Appendix Table D-14). Boys 14 through 18 years of age had the highest
intakes at the 99th percentile of 12.0 g/d.

Hazard Identification

Adverse Effects in Animals. There are minimal data on the adverse
effects of L-proline in either experimental animals or humans. Female
Sprague Dawley rats given L-proline in drinking water for 1 month (mean
dose 50 mg/kg body weight/d) did not exhibit any adverse effects (Kampel
et al., 1990).

Genetically hyperprolinemic mice have 6 to 7 times the concentration
of proline in the brain as control animals and 10 times the concentration
of proline in plasma (Baxter et al., 1985). Hyperprolinemic hybrid mice
took longer than control mice to make an initial avoidance response to
foot shock in a T-maze and required more trials before learning of the
avoidance response (Baxter et al., 1985). No other studies in experimental
animals relevant to the evaluation of the toxicity of orally administered
L-proline or hydroxyproline could be found.

Adverse Effects in Humans. The only study in humans on the effects of
long-term oral administration of proline was a clinical study on the
efficacy of proline (isomer not specified) to alter the progression of gyrate
atrophy of the choriod and retina (Hayasaka et al., 1985). Four patients
(aged 4 to 32 years) were treated with doses of proline between 2 and 10 g/d
(mode = 3 g/d) for up to 5 years. No overt adverse effects were reported;
however, it was uncertain from the paper which effects were studied.

Dose—Response Assessment

The data on adverse effects of L-proline intake from supplements were
not available for a dose-response assessment and derivation of a UL in
apparently healthy individuals.

Serine

Serine is a dispensable amino acid that is synthesized endogenously
from D-3 phosphoglycerate or glycine. Based on distribution data from
the 1988-1994 NHANES III, the mean daily intake for all life stage and
gender groups of serine from food and supplements is 3.5 g/d (Appendix
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Table D-15). Men 31 through 50 years of age had the highest intakes at the
99th percentile of 7.9 g/d.

Hazard Identification

Adverse Effects in Animals. There are limited data pertaining to the
toxicity of supplemental serine. In rats given 100 mg/d of L-serine via
stomach tube for 14 days, there was a decrease in food consumption but
no other effects were noted (Artom et al., 1945). Other authors (Morehead
et al., 1945; Wachstein, 1947) have reported that supplemental L-serine at
levels as low as 10 mg/d resulted in decreased appetite, increased mortality,
and renal necrosis in rats.

Adverse Effects in Humans. In four healthy adults given a single oral
dose of 15 g of serine, no adverse effects were reported (Pepplinkhuizen
etal., 1980). There are no studies in humans that would permit an evalua-
tion of the possible adverse effects of repeated administration, thus the
safety of repeated dose oral administration of supplemental serine cannot
be assessed.

Dose—Response Assessment

The data on the adverse effects of L-serine intake from supplements
were not available for a dose-response assessment and derivation of a UL
in apparently healthy humans.

Threonine

L-Threonine is a large neutral amino acid that is indispensable. Simi-
lar to L-lysine, L-threonine does not take part in transamination reactions.
Based on distribution data from the 1988-1994 NHANES III, the mean
daily intake for all life stage and gender groups of threonine from food
and supplements is 3.0 g/d (Appendix Table D-16). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 7.1 g/d.

Hazard Identification

Adverse Effects in Animals. In rats fed 5 percent threonine added to a
10 percent casein diet, weight gain was reduced compared to controls fed
casein alone but there were no changes in liver weight or hepatic DNA,
RNA, or protein content (Muramatsu et al., 1971). The evidence indicates
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that excess threonine is converted to carbohydrate, liver lipids, and carbon
dioxide (Yamashita and Ashida, 1971). In weanling pigs, adding 0.5, 1, 2,
or 4 percent L-threonine to a 20 percent crude protein diet did not change
weight gain, food intake, and gain:feed ratios in comparison to the con-
trols (Edmonds and Baker, 1987; Edmonds et al., 1987).

Adverse Effects in Humans. No data were found on apparently healthy
humans given oral L-threonoine supplements. However, L-threonine has
been used clinically with the aim of increasing glycine concentrations in
the cerebral spinal fluid of patients with spasticity. When given in amounts
of 4.5 to 6.0 g/d for 14 days, no adverse clinical effects were noted in such
patients (Growdon et al., 1991). Threonine also has been studied in low
birth weight infants. In a study of 163 low birth weight infants, threonine
serum concentrations were directly related to the threonine concentra-
tions of the formula (Rigo and Senterre, 1980). The authors suggested
that threonine intakes should not exceed about 140 mg/kg body weight/d
for premature infants.

Dose—Response Assessment

The data on the adverse effects of L-threonine intake from supple-
ments were not available for a dose-response assessment and derivation of
a UL in apparently healthy humans.

Tryptophan

L-Tryptophan, an indispensable amino acid, serves as a precursor for
several small molecules of functional significance including the vitamin
niacin, the neurotransmitter serotonin, the metabolite tryptamine, and
the pineal hormone melatonin. Increases in tryptophan have been shown
to increase synthesis of the neurotransmitters in brain, blood, and other
body organs (Fregly et al., 1989; Leathwood and Fernstrom, 1990; Young,
1986). Based on distribution data from the 1988-1994 NHANES III, the
mean daily intake for all life stage and gender groups of tryptophan from
food and supplements is 0.9 g/d (Appendix Table D-17). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 2.1 g/d.

Hazard Identification

Adverse Effects in Animals. Several rodent studies have demonstrated
that supplementation of low-protein diets with L-tryptophan (5 percent)
reduces food intake and weight gain over a 4-day to 4-week period
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(reviewed by Benevenga and Steele, 1984; Harper et al., 1970). Funk and
coworkers (1991) found that rats given a 20 percent casein diet supple-
mented with 14.3 percent tryptophan for 4 weeks developed scaly tails and
thinning hair. However, no adverse effects were seen when the diets con-
tained 1.4 or 2.9 percent L-tryptophan. No cancers were observed over an
80-week period when rats were fed diets containing 2 percent added
L-tryptophan (Birt et al., 1987). Addition of 2.5 or 5 percent L-tryptophan
to diets of rats and mice for 2 years resulted in decreased body weights of
male and female mice and male (but not female) rats (DHEW, 1978). In
pigs, supplementation with 0.1 or 1 percent L-tryptophan for up to 40 days
did not affect weight gain, but 2 or 4 percent decreased weight gain
and 4 percent also decreased food intake (Chung et al., 1991).

Several developmental studies have shown that maternal weight gain is
impaired and fetal weight is reduced when maternal rat diets are supple-
mented with 1.4 to 6 percent L-tryptophan (Funk et al., 1991; Matsueda
and Niiyama, 1982). Decreased brain weights were observed when 1 percent
L-tryptophan was added to diets of male and female rats beginning 2 weeks
before mating (Thoemke and Huether, 1984). Over three successive gen-
erations, brain weights decreased with each generation.

Adverse Effects in Humans. Serotonin and its metabolite 5-hydroxy-
indoleacetic acid (5-HIAA) in human blood and brain cerebrospinal fluid
(CSF) increase after tryptophan loading, which is similar to the effects of
L-tryptophan in animals. For example, Young and Gauthier (1981) found
elevations in blood and 5-HIAA and CSF serotonin after single doses of 3 or
6 g of L-tryptophan. However, Benedict and coworkers (1983) conducted
a double-blind, placebo-controlled trial in six normal men fed 3 g/d of
L-tryptophan in divided doses with meals for 3 days, and found a 113 percent
elevation in plasma tryptophan, but no changes in platelet or plasma sero-
tonin or in plasma catecholamines. They also found no changes in urinary
catecholamines. Additionally, they found no changes in blood pressure,
heart rate, plasma sodium levels or 24-hour sodium excretion in urine.

L-Tryptophan administration (2 g) as a single dose before a meal has
been found to decrease subjective hunger ratings, food intake, and alert-
ness in men (Hrboticky et al., 1985), but not women (Leiter et al., 1987).
Hrboticky and coworkers (1985) also tested 15 humans only once with 0,
1, 2, and 3 g of L-tryptophan. Individuals receiving 2 and 3 g of L-tryptophan
had decreased hunger and alertness and increased faintness and dizziness.
Administration of 1 g of L-tryptophan with 10 g of carbohydrates before
each meal (3 g L-tryptophan/d) for 3 months did not affect body weight
of obese humans (Strain et al., 1985). Wurtman and coworkers (1981)
found that daily doses of 2.4 g of L-tryptophan for 2 weeks did not produce a
significant reduction in the consumption of carbohydrate snacks in the
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majority of the 24 individuals. Ten healthy adults given 5 g of L-tryptophan
in a double-blind, placebo-controlled study reported severe nausea and
headache and increased drowsiness soon after ingestion (Greenwood et
al., 1975).

Smith and Prockop (1962) reported sustained nystagmus and drowsiness
in seven adults given 70 and 90 mg/kg of body weight of L-tryptophan
orally in single doses, but found that these effects were absent at 30 or
50 mg/kg. However, Lieberman and coworkers (1985) reported decreased
self-ratings of vigor and alertness and increased subjective fatigue in
20 men treated with a single oral dose of 50 mg/kg of tryptophan. Yuwiler
and coworkers (1981) also reported that five individuals given 50 or
100 mg/kg/d of L-tryptophan as a single dose or 50 mg/kg/d for 14 days
experienced prolonged lethargy and drowsiness within 30 minutes of inges-
tion under all loading conditions.

Newborns (2 to 3 days of age) given infant formula supplemented
with L-tryptophan (about 20 mg) were found to enter active and then
quiet sleep sooner than those newborns given unsupplemented formula
(Yogman and Zeisel, 1983). In a later study, these same investigators found
that low doses of L-tryptophan have sleep-inducing properties in full-term
infants (Yogman and Zeisel, 1985).

Finally, retrospective studies covering the time prior to the 1989
eosinophilia-myalgia syndrome (EMS) outbreak—thought to be caused by
L-tryptophan contaminated with 1,1-ethylidene-bis[tryptophan] (EBT)—
indicate that use of L-tryptophan alone may increase risk of eosinophilic
fasciitis. Blauvelt and Falanga (1991) examined the history of L-tryptophan
use in 49 patients with cutaneous fibrosis. Eleven of 17 patients reported
using L-tryptophan prior to onset of eosinophilic fasciitis, as did two of ten
patients with localized scleroderma, but use of L-tryptophan was not reported
in any of 22 patients with systemic sclerosis. Intakes of L-tryptophan were
from 0.5 to 5 g/d for 1 month to 10 years before the onset of symptoms of
eosinophilic fasciitis were noted. L-tryptophan use in individuals with
localized scleroderma occurred for 3 or 10 months before onset of
symptoms, and intake was 1.5 to 2 g/d. Hibbs and coworkers (1992) found
that 9 of 45 patients with eosinophilic fasciitis used 0.5 to 2.5 g/d of
L-tryptophan for 1 month to 10 years before symptom onset. It is
unknown whether or not these results occurred because of impurities in
the L-tryptophan supplements.

Dose—Response Assessment

Taken together, the above studies in humans indicate that relatively
short-term (acute and subacute) use of L-tryptophan is associated with
appetite suppression, nausea, and drowsiness. However, in the absence of
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data on the relationship between chronic consumption of L-tryptophan
and the potential for adverse effects, and because of continuing uncer-
tainty of the possible role of L-tryptophan in the development of eosino-
philic fasciitis, a UL was not established for L-tryptophan.

Tyrosine

L-Tyrosine is considered a conditionally indispensable amino acid
because it can be synthesized from L-phenylalanine in the liver. L-Tyrosine is
a precursor of several biologically active substances, including catecholamine
neurotransmitters, hormones, and melanin skin pigments. Based on distri-
bution data from the 1988-1994 NHANES III, the mean daily intake for all
life stage and gender groups of tyrosine from food and supplements is
2.8 g/d (Appendix Table D-18). Men 31 through 50 years of age had the
highest intakes at the 99th percentile of 6.4 g/d.

Hazard Identification

Adverse Effects in Animals. In the mouse with elevated tissue concentra-
tions of tyrosine, decarboxylation to tyramine becomes increasingly impor-
tant, reducing lethality (David et al., 1974). Evidence has been provided
that hepatic biotransformation of tyrosine yields a toxic metabolite, possibly
an epoxide (David, 1976).

In rodents, feeding studies document the toxicity of large supplements
of Lrtyrosine (Benevenga and Steele, 1984; Harper et al., 1970). Effects of
tyrosine on weight-gain suppression are a function of the protein content
of the diet. For example, feeding rats a low-protein diet, 6 or 9 percent
casein, retarded weight gain over a 3-week period. This effect of an
inadequate protein intake was exacerbated by the addition of 3 to 8 per-
cent L-tyrosine in the diet (Ip and Harper, 1973). With higher protein
intakes of 15 or 24 percent, the toxicity of L-tyrosine was reduced, although
8 percent L-tyrosine still resulted in mortality.

Gipson and coworkers (1975) reported corneal lesions in rats fed
L-tyrosine. Subsequently, Rich and coworkers (1973) reported that young
adult Simonson albino or Long-Evans pigmented rats fed diets containing
5 or 10 percent L-tyrosine for 15 days developed elevated serum tyrosine
levels and experienced reduced weight gain. At 10 percent L-tyrosine in
the diet, deaths occurred within 10 days. Corneal disease was the first sign
of toxicity; keratopathy was evident by 1 day and progressed in severity.
The change began as haziness of the cornea, followed by opacities, and
vascularization. The corneal changes were accompanied by elevations of
tyrosine concentration in the aqueous humor.
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Thoemke and Huether (1984) fed 8-week-old rats a diet containing
2.64 percent L-tyrosine. Rats were fed the diet for 2 weeks prior to mating
and continually for three generations. No details were reported on overall
pregnancy outcomes or behavioral endpoints. Brain weight was measured
in all three generations and no differences were seen except at days 15
and 20 postpartum in the F2 generation (92 and 95 percent of controls).
Serum concentration of tyrosine of F3 generation rats was increased at
postnatal day 5.

Adverse Effects in Humans. No adverse effects have been reported for
L-tyrosine from food. Large single doses of L-tyrosine (500 mg/kg/d) or
smaller daily doses (100 mg/kg/d) have not been associated with any
adverse affects (Al-Damluji et al., 1988; Glaeser et al., 1979; Sole et al.,
1985). Nevertheless, the occurrence of corneal and skin lesions in humans
with the autosomal recessive genetic disease, tyrosinemia II, in which
tyrosine blood levels can be elevated tenfold, suggests that high chronic
intakes leading to high-sustained concentrations of tyrosine in plasma and
tissues may have adverse effects.

Single oral doses of 100 or 150 mg/kg of L-tyrosine administered to
humans lead to a two- to threefold increase in plasma tyrosine concentra-
tions (Cuche et al., 1985; Glaeser et al., 1979) and in urinary excretion of
catecholamines and their metabolites (Alonso et al., 1982). Similar
amounts given over the day in three equal doses result in similar incre-
ments in plasma tyrosine (Benedict et al., 1983; Melamed et al., 1980) and
an increase in urinary catecholamines (Agharanya et al., 1981) and their
metabolites (Alonso et al., 1982). Tyrosine given at 7.5 g/d decreased both
free and conjugated plasma norepinephrine concentrations (Benedict et
al., 1983). An increase in the dopamine metabolite, homovanillic acid, has
been found in cerebral spinal fluid after L-tyrosine loads (Growdon et al.,
1982).

Loads of L-tyrosine of 100 to 150 mg/kg/d have not been found to
have any adverse effects on physiological systems (Benedict et al., 1983;
Glaeser et al., 1979; Neri et al., 1995). In 13 patients with mild hyperten-
sion and given 2.5 g of L-tyrosine for 2 weeks, blood tyrosine was doubled
2 hours after the supplement, but no differences were found in systolic,
diastolic, or mean blood pressure, heart rate, or plasma nonepinephrine
(Sole et al., 1985). No data on blood concentrations in humans predictive
of corneal lesions are available.
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In the absence of dose response data to describe more fully the rela-
tionship of L-tyrosine loads to alteration in catecholamine synthesis, physi-
ological function, and corneal lesions in humans, a UL for L-tyrosine

cannot be set for apparently healthy humans.

Intake Assessment

Although no ULs could be set for any of the amino acids, highest
median and 99th percentile intakes for the amino acids are found in
Table 10-29. All amino acids had their highest median intake for any life
stage and gender group in men aged 19 through 30 years. The highest
intakes at the 99th percentile were also found in men, with those 51

TABLE 10-29 Highest Median and 99th Percentile of Usual
Daily Intake of Amino Acids, United States, Third National
Health and Nutrition Examination Survey, 1998-1994

Highest Median

Highest 99th Percentile of

Amino Acid Intake? (g/d) Intake (g/d)
Alanine 5.2 8.5%
Arginine 5.9 10.10
Aspartic acid 9.2 15.4¢
Cysteine 1.4 2.20
Glutamic acid 21.1 33.7¢
Glycine 4.6 7.8¢
Histidine 3.1 5.20
Isoleucine 4.9 8.20
Leucine 8.5 14.10
Lysine 7.5 12.6%
Methionine 2.5 4.1°
Phenylalanine 4.8 7.7¢
Proline 7.2 12.04
Serine 4.8 7.9¢
Threonine 4.2 7.1°
Tryptophan 1.3 2.1%
Tyrosine 3.9 6.4¢
Valine 5.5 9.10

@ Males, 19-30y.
b Males, 51-70 y.
¢Males, 31-50y.
d Males, 14-18 y.

NOTE: Data are from Appendix Tables D-2 through D-19.
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through 70 years of age consuming the highest intakes for the majority of
the amino acids surveyed.

Riusk Characterization

Since there is no evidence that amino acids derived from usual or
even high intakes of protein from food present any risk, attention was
focused on intakes of the L-form of the amino acid found in dietary pro-
tein and amino acid supplements. Even from well-studied amino acids,
adequate dose-response data from human or animal studies on which to
base a UL were not available, but this does not mean that there is no
potential for adverse effects resulting from high intakes of amino acids
from dietary supplements. Since data on the adverse effects of high levels
of amino acids intakes from dietary supplements are limited, caution may
be warranted.

RESEARCH RECOMMENDATIONS

® Research is needed on high-protein intakes (>145 mg N/kg/d) in
relationship to positive nitrogen balance and requirement estimates,
metabolic and possible toxic effects in children and adults, and pathways
affected by these high intakes.

® More data are needed on indispensable amino acid requirements
for infants, children, and adolescents, as they are very sparse.

* Few studies on additional needs for protein during pregnancy, includ-
ing estimates of changes in efficiency of conversion of dietary protein for
maintenance and tissue accretion, are available. Thus more studies con-
ducted during the length of pregnancy are needed.

* New methods, other than nitrogen balance, need to be validated to
determine protein requirements, particularly in regard to long-term
health.

® The role of the gastrointestinal system in the metabolism of amino
acids, the nature of the amino acid losses, and the extent of synthesis of
indispensable amino acids need to be investigated.

® Research on adaptation mechanisms at various intakes of protein is
needed.

¢ Currently protein data for the elderly are sparse and more data are
needed. Available data for the very elderly, namely those from 80 to
100 years of age, consists of only two or three adults in their early 80s, and
thus studies conducted with this age group need to be done.

¢ Since ULSs could not be established for any of the amino acids (some
of which are known to result in toxic effects at high doses) due to insuffi-
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cient data on dose-response relationships, more data are needed on
adverse effects of high intakes of amino acids.
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